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Abstract

Background—As mechanisms of neoplasia in patients with ulcerative colitis (UC) remain
poorly understood, we sought to identify pathways of carcinogenesis in this high-risk population.

Methods—miRNA and mRNA expression was examined in non-dysplastic rectosigmoid mucosa
from UC patients with (n=19) or without remote colon neoplasia (n=23). We developed a method
to identify miRNA-regulated pathways based on differentially expressed miRNAs and their
putative mRNAS targets in the same samples. One key pathway identified in the analysis,
miR-4728-3p regulation of focal adhesion signaling, was further evaluated in vitro as well as
through examination of expression in UC-cancers.

Results—There were 101 significantly down-regulated and 97 up-regulated miRNAs (adjusted
p<0.05) in the rectal mucosa of UC patients harboring proximal neoplasia. Bioinformatic analysis
identified miR-4728-3p as a regulator of 3 proteins involved in focal adhesion signaling, CAV1,
THBS2, and COL1A2. Real-time PCR validated down-regulation of miR-4728-3p in non-
dysplastic tissue remote from UC-neoplasia as well as in UC-associated colon cancers.
miR-4728-3p transfection into colon cancer cells down-regulated expression levels and decreased
luciferase activities in cells expressing a wild type 3" UTR compared to a mutant 3° UTR for all
three genes. Exogenous transfected miR-4728-3p also delayed wound healing and decreased
formation of focal adhesion complexes.
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Conclusions—~Patients with long-standing UC who harbor neoplasia can be identified based on
miRNA and mRNA profiles in non-dysplastic tissue. Using a method to analyze miRNA and
MRNA expression from the same tissues, we identified that miR-4728-3p is likely an important
tumor-suppressor in UC-associated colon carcinogenesis.
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Introduction

Patients with long-standing colonic inflammation secondary to ulcerative colitis (UC) are at
increased risk to develop colonic neoplasia. Many clinical risk factors for colorectal
neoplasia in this population have been well defined, including long-standing disease,
extensive colitis, uncontrolled inflammation, a family history of colorectal cancer (CRC),
and primary sclerosing cholangitis (1-5). In contrast, little is known regarding biological
mechanisms driving carcinogenesis in ulcerative colitis. Because of this, biological
predictors and strategies to prevent neoplasia remain elusive despite recent advances in
endoscopic detection of neoplastic lesions.

MicroRNAs (miRNAs) are short non-coding RNAs that bind to the 3" untranslated region of
MRNA and alter protein expression, most frequently by inducing mRNA degradation or
inhibiting translation (6). Through these mechanisms, miRNAs are critical to normal cellular
function and when altered can contribute to the pathogenesis of multiple diseases, including
cancer and inflammatory conditions (7, 8). Along these lines, prior studies indicate that the
miRNA profile changes in chronic UC-associated inflammation (9-12). Several small
studies have also demonstrated dysregulation of several miRNAs, including miR-31,
miR-21, miR-214, and miR-224 in IBD-associated neoplastic tissue (13-16). However,
miRNA changes have not been described in non-dysplastic tissue adjacent to a neoplastic
lesion. Given their abundance and stability, miRNAs represent good candidates as
biomarkers in this high-risk population.

Previous studies have demonstrated that several molecular changes, including aneuploidy,
chromosomal instability, p53 mutations, and p53 loss of heterozygosity occur in non-
dysplastic mucosa in patients with UC harboring colorectal neoplasia (17-20). Similarly, we
reported that UC patients harboring remote dysplasia can be identified based on gene
expression profiles in non-dysplastic rectal mucosa (21). As miRNAs are known to regulate
over 60% of all genes (22), we hypothesized that a signature of miRNAs obtained from non-
dysplastic tissue could be used to identify UC patients harboring remote dysplasia in an
independent cohort of patients. We also sought to use concordant miRNA and mRNA
expression levels from the same tissue as a tool to uncover miRNA-regulated mechanisms of
carcinogenesis in this high-risk population.
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Material and Methods

Patient enrollment

A sample size calculation performed prior to subject enroliment based on methodology
described by Dobbin and Simon (23) using previously collected gene expression data to
estimate variation (21) demonstrated that 42 patients were required to detect a 2-fold change
in gene expression between UC patients with and without dysplasia with a significance level
a=0.0005 while controlling for false discovery rate (FDR) at 5% level. Enrollment criteria
included a previous diagnosis of ulcerative colitis, as confirmed by an expert gastrointestinal
pathologist, in patients who had > 8 years of disease duration and quiescent disease at the
time of sample collection based on review of their pathology.

A second cohort of patients with ulcerative colitis-associated colon cancer or sporadic colon
cancer (n=11/group) were enrolled to evaluate expression of key genes in UC-cancer and
adjacent tissues compared to normal controls (normal-appearing tissue adjacent to a sporadic
colon cancer). The groups were matched for location of the cancer within the colon.
Informed consent was obtained from subjects in both cohorts under University of Chicago
IRB #10-209A.

Tissue collection and processing

Tissue samples were obtained at the time of colonoscopy or surgery with biopsies of the
rectosigmoid colon (10-20cm proximal to the anus). Tissue obtained at the time of
colonoscopy was collected with four jumbo forceps and immediately placed in RNAlater or
flash frozen. Tissue from patients with colon cancer was obtained at the time of surgery
from the cancer and adjacent tissue. Surgical samples were procured by the Human Tissue
Research Core by striping the mucosa shortly following resection of the colon and placed in
RNAlater or flash frozen. After 2-4 weeks at 4°C, excess RNAlater was removed, and the
tissue was store at —80°C. Tissue was homogenized using the Bullet Blender with RNAase-
free beads (Next Advance, Averill Park, New York) and total RNA extracted using the
Qiagen Allprep DNA/RNA/mMiRNA extraction kit (Hilden, Germany). RNA integrity was
measured using the Agilent 2100 Bioanalyzer. All samples used in the analysis had a RNA
integrity number >6.

Array Analysis

miRNA expression was evaluated using 400ng of total RNA with the miRCURY 7t
generation LNA-based array (Exigon, Denmark) per the manufacturer’s specifications. The
quantified signals were background corrected and normalized using the global Lowess
(LOcally WEighted Scatterplot Smoothing) regression algorithm(24). Messenger RNA
(mRNA) was analyzed using the lllumina HumanHT-12 v4 BeadChip. Normalization and
two-group comparison for both miRNA and mRNA datasets were performed using the R/
Bioconductor package ‘limma’ (25). P values were based on moderated t-statistics and
adjusted for multiple testing (26). Functional enrichment analysis of the identified
differentially expressed genes or self-organizing map clusters was performed using Onto-
Express software (http://vortex.cs.wayne.edu/projects.htm#Onto-Express).
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miRNA target prediction

Co-variance across samples of the differentially expressed miRNA and mRNA was assessed.
The co-variances were then transformed into a Topological Overlap Matrix, and a correlative
network was constructed using the method by Horvath and Zhang (27). Hierarchical
clustering was used to assemble the network into modules, which were then separately
assessed for enrichment in Gene Ontology annotations for molecular functions and
biological processes. Genes that belonged to these ontologies and were in the same module
as miRNAs that were potential regulators (as predicted by TargetScan v6.2) were identified.
These genes were then analyzed for their locations on Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways, to assess their potential important functional roles in
regulatory sub-networks.

Real Time PCR

Cell Culture

For miRNA PCR, cDNA was prepared from 250ng total RNA, using the Universal cDNA
Synthesis Kit (Exigon). Primers for miR-4728-3p and RNU48 were designed and
synthesized by Exigon. Quantitative real-time reverse transcription-polymerase chain
reaction (QPCR) was performed with the Roche Light Cycler 480 (Roche, Indianapolis, IN)
using the ExILENT SYBR® Green master mix (Exigon). For mMRNA PCR, cDNA was
prepared from 150ng total RNA using the High-Capacity cDNA Reverse Transcription Kit
with RNase Inhibitor (Life Technologies). To measure transcript expression of erb-b2
receptor tyrosine kinase 2 (ERBB2), caveolin-1 (CAV1), thrombospondin-2 (THBS2), and
collagen 1 alpha 2 (COL1AZ2), primers were synthesized by IDT, and qPCR performed
following cDNA synthesis using the Fast SYBR Green Master Mix in the Roche Light
Cycler 480. The following primers were utilized: CAV1 (F:
CCTCAACGATGACGTGGTCAA, R: TCGTCACAGTGAAGGTGGTGAAG), COL1A2
(F: ACTGTAAGAAAGGGCCCAGC, R: CAGCAGGTCCTTGGAAACCT), ERBB2 (F:
GTCCTTCCTGCAGGATATCCA, R: CACTTGGTTGTGAGCGATGAG), and THBS2 (F:
CGTGGACAATGACCTTGTTG, R: GCCATCGTTGTCATCATCAG). Results were
normalized to RNU48 for miRNA and beta actin for mMRNA, and comparisons were made
between groups using the 27 28CT method(28).

HCT116, CaCo2, HT29, and RKO colon cancer cells were obtained from ATCC and
authenticated by short tandem repeat analysis (29). miRNA transfection experiments were
conducted on pre-confluent cells. HCT116 cells were seeded on 6 well plates and
transfected the following day with 50 nM of mature miR-4728-3p or control
oligonucleotides (Ambion) and cells harvested 24 hrs later to examine protein expression.
HT29, CaCO2, and RKO cells were seeded on 6 well plates and transfected 24 hours later
with 50nM of miR-4728-3p or control oligonucleotides, then treated 48 hours later with
4ng/mL of TGFR1, and 72 hours later with 50nM of miR-4728-3p or control, and harvested
24 hours after the final transfection. TGFP1 treatment was used in these experiments to
increase baseline expression of the proteins of interest.

A cDNA was designed to contain the putative binding site for miR-4728-3p in the 3’
untranslated region (UTR) or a mutated seed sequence for CAV1 (72bp), COL1A2 (80bp),
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and THBS2 (232bp). cDNA containing either the wild-type or mutant 3"UTR for each gene
was inserted in a pmirGLO dual-luciferase vector (Promega, Madison, WI). HCT116 cells
were transfected with the vector containing the wildtype or mutant 3'UTR of CAV1,
COL1A2, and THBS2. Cells were then transfected with a mature mimic of miR-4728-3p
(Thermo Fisher Scientific, Waltham, MA) and harvested 48 hours later. Firefly luciferase
activity was normalized to renifla expression and differences in expression between groups
was assessed using the Student’s T-test.

To assess wound healing, HCT116 cells were plated in a monolayer on a 50mm 6 well dish
coated with collagen and transfected with 50nM of miR-4728-3p or a scrambled probe
(n=6). Forty-eight hours after transfection, a linear scratch in the monolayer was performed.
Photos were taken to measure the migration of cells using the Olympus 1X81 Inverted
Widefield Microscope every 3 hours for 24 hours. The gap distance was quantitatively
evaluated using ImageJ [http://imagej.nih.gov/ij/] and mean percent gap closure was
compared between treatment groups using a two-sample T test.

To assess the effects of miR-4728 on focal adhesions, HCT116 cells were plated on
collagen-coated dishes and transfected with 50nM of miR-4728-3p or a scrambled probe.
Forty-eight hours later, cells were fixed, permeabilized, and blocked. Primary anti-vinculin
antibody (1:250, Sigma Aldrich, St. Louis, MO) was added to cells and incubated for 1 hour
at room temperature to stain focal adhesions. Alexafluor anti-mouse 488 secondary antibody
(Life Technologies) was diluted to a concentration of 1: 250 for a 30-minute incubation
period at room temperature. Double labeling of actin filaments with TRICTC-conjugated
phalloidin (1:250, Sigma Aldrich) was performed simultaneously for 30 minutes at room
temperature at dilution recommended by the manufacturer. Samples were visualized in PBS
using Leica GSD/TIRFM Ground State Depletion Superresolution Microscope. Intensity
and areas of focal adhesion complexes were quantified using the Focal Adhesion Analysis
Server (30).

Western Blotting

Protein extraction and Western blotting were performed as previously described (31).
Primary antibodies were diluted to 1:100 for CAV1 (Santa Cruz Biotechnology), 1:500 for
COL1AZ2 (Novus Biologicals), 1:200 for THBS2 (Santa Cruz Biotechnology), and 1:5000
for beta actin (Sigma Aldrich). Anti-mouse (beta actin), anti-goat (THBS2), and anti-rabbit
(CAV1, COL1AZ2) secondary antibodies were used at a concentration of 1:300 (Santa Cruz
Biotechnology). Proteins were visualized by xerography on XOMAT™ AR film using an
enhanced chemiluminescence system. Xerograms were digitized with an Epson flat-bed
scanner and ImageJ software was used to quantify expression. A Student’s T-test was used
to compare protein expression between treatment groups.

Immunohistochemistry

Immunostaining was performed on surgical samples obtained at colectomy from normal
controls, UC-associated colon cancer, and adjacent non-dysplastic ulcerative colitis mucosa
as previously described (21). Antigen retrieval was performed with 0.01 mol/L citrate buffer
(pH 6) in a steamer for 20 min, and tissues stained with primary antibodies for CAV1
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(1:200), COL1A2 (1:75), and THBS2 (1:50). Envison dual-link system-HRP (Dako,
Glostrup Municipality, Denmark) was used for detection of primary antibodies to CAV1 and
COL1AZ2 or 1:500 anti-goat 1gG (R and D systems, Minneapolis, MN) for detection of
antibodies to THBS2 and slides were stained with DAB to assess protein expression levels
and localization.

Nineteen subjects with neoplastic lesions and 23 subjects without neoplasia were included in
the analysis. Of the patients with neoplasia, 11 had neoplasia located in the left colon alone,
6 in the right colon alone, and 2 had neoplastic lesions in both the right and left colon. Four
of these subjects had unresectable flat low-grade dysplasia, 7 had high-grade dysplasia, and
8 had colorectal cancers as the most severe histology in the colon. As shown in Table 1,
there were no significant differences in the sex, race, ethnicity, age, disease duration, disease
extent, or medication usage between those with neoplastic lesions and those without
neoplasia.

MRNA Analysis

As shown in Figure 1A, there was clear separation between the two groups using two-way
unsupervised hierarchical clustering. There were, however, two subjects with neoplasia who
clustered with the group without neoplasia and two subjects without neoplasia who clustered
with the groups with neoplasia based on MRNA expression. There were 117 significantly
up-regulated genes and 62 significantly down-regulated genes with a [logFC| > 1 and an
adjusted p-value <0.05 in IBD patients harboring proximal neoplasia compared to those
without neoplasia. Expression of mRNAs included in the array analysis is presented in
Supplementary Table 1. In total, there were 62 significantly up-regulated and 7 significantly
down-regulated gene ontology pathways in IBD patients harboring proximal neoplasia
(p<0.05; Supplementary Tables 2 and 3) The top 12 enriched Gene Ontology and KEGG
pathways in IBD-neoplasia are listed in Figure 1B.

miRNA Analysis

The phenotypic groups also clustered by global miRNA expression profile as demonstrated
by PCA analysis (Figure 1C). There were 198 significantly dysregulated miRNAs between

UCN and UC (adjusted p value <0.05). Of these, 97 were down-regulated and 101 were up-
regulated. A list of the top 50 dysregulated miRNAs is shown in Table 2, and expression of

all miRNAs included in the array analysis is presented in Supplementary Table 4.

Bioinformatics analysis identified miR-4728-3p as a key dysregulated miRNA involved in
focal adhesion complexes that is down-regulated remotely in patients with UC neoplasia

Dysregulated mRNASs were grouped into modules based on functional annotation. Genes
that belonged to these modules that were identified as predicted targets of dysregulated
miRNA were identified. In this analysis, three genes in the focal adhesion pathway,
caveolin-1 (CAV1), collagen 1 (COL1A?2), and thrombospondin-2 (THBS2), all of which
were up-regulated, were predicted to be targets of miR-4728-3p, which was significantly
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down-regulated in the rectal mucosa of UC patients harboring proximal neoplasia. As the
focal adhesion pathway was one of the most significantly enriched KEGG pathway in the
mucosa of UC patients with neoplasia (Figure 1B), we focused on the interaction between
miR-4728-3p and these three genes in additional experiments. In a correlation analysis,
expression of miR-4728-3p was inversely related to all three genes as measured in the
microarray: CAV1 (r=-0.42, p=0.005), COL1A2 (r=-0.48, p=0.001) and THBS2 (r=-0.51,
p<0.001) (Figures 2A-C).

Expression of miR-4728-3p, CAV1, COL1A2, and THBS2 were validated in the same
patient samples by real-time PCR. Compared to subjects without neoplasia, miR-4728-3p
was down-regulated 1.7-fold (p=0.04, Figure 2D), whereas CAV1 (1.4-fold increased,
p=0.04), COL1AZ2 (1.7-fold increased, p=0.008), and THBS2 (3.5-fold increased, p<0.001)
were all increased in subjects harboring a proximal neoplastic lesion (Figure 2E).

miR-4728-3p is down-regulated, and COL1A2 and THBS2 are upregulated in UC-associated
cancers and adjacent non-dysplastic tissue

The expression of miR-4728-3p was subsequently evaluated in an independent cohort of 11
ulcerative colitis-associated colon cancers, nondysplastic UC-tissue adjacent to the same
colon cancers, and 11 normal controls (normal-appearing tissue adjacent to sporadic colon
cancers). Patient demographics and site of sample collection for this analysis is included in
supplementary table 5. Compared to normal tissue, miR-4728-3p was decreased 1.67-fold in
UC-associated cancer (p=0.05) and 1.25-fold in non-dysplastic tissue adjacent to the cancer
(p=n.s) (Figure 2F). COL1A2 was increased 3.1-fold (p=0.04) in UC-associated cancer and
2.9-fold (p=0.02) in non-dysplastic adjacent tissue compared to normal tissue. In agreement,
THBS2 was trended towards increased expression (1.8-fold; p=0.1) in UC-associated cancer
and 2-fold in adjacent tissue (p=0.03). In contrast, CAV1 expression was not altered in UC-
associated neoplastic tissue compared to normal (Figure 2G). By immunohistochemistry,
expression of all 3 proteins appeared to be localized predominantly to stromal components
in normal tissue. In UC-cancer, intensity was increased overall for both CAV1 and COL1A2.
In addition, there was positive staining of all 3 proteins in both the stroma and cancer cells in
the UC-associated cancers (supplementary figure 1)

miR-4728-3p targets CAV1, CO1A2, and THBS2

HCT116, HT29, CaCo2, or RKO human colon cancer cells were chosen for miRNA
transfection experiments based on adequate baseline expression of the protein of interest.
Following transfection of miR-4728-3p, CAV1 expression decreased 2.3-fold in HCT116
cells (p<0.001) and 1.6-fold in CaCo2 cells (p=0.01), COL1A2 decreased 1.4-fold in HT29
(p=0.01) and 1.5-fold in RKO cells (p<0.001), and THBS2 was decreased 1.5-fold in HT29
(p=0.1) and down-regulated 1.4-fold (p=0.1) in CaCo2 cells (Figure 3A and 3B). HCT116
cells were co-transfected with the miRNA and either wild type or mutant 3'UTR of the 3
target genes. Following this, luciferase activity significantly decreased in miR-4728-3p
treated cells transfected with the wild type 3"UTR compared to the mutant 3"UTR for all
three genes (Figure 3C).
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miR-4728-3p decreases cellular migration and reduces focal adhesion complexes

In order to examine the functional properties of miR-4728-3p, cellular migration and focal
adhesion complexes were assessed following transfection of the miRNA or a scrambled
oligonucleotide in HCT116 colon cancer cells. As shown in a representative image in Figure
3D, transfection of miR-4728-3p delayed wound healing as assessed by delayed migration in
the /n vitro scratch test. At each 3-hour time point between 3 hrs and 15 hrs following
transfection, miR-4728-3p significantly decreased wound closure (p<0.05) (n=3/group)
(Figure 3E).

Levels of viniculin and actin were measured immunofluorescence staining to assess focal
adhesion area and expression (i.e., intensity) (Figure 3F) in HCT116 cells, 48 hours after
treatment with miR-4728-3p or a scrambled probe. miR-4728-3p decreased focal adhesion
intensity (p<0.001, Figure 3G) and area (p=0.008, Figure 3H) compared to cells transfected
with a scrambled probe (n=3/group).

miR-4728-3p is expression is correlated with expression of ERBB2

miR-4728-3p is located within an intron of the ERBB2 gene. As such, it is hypothesized that
these two genes are co-transcribed. In order to explore the relationship between
miR-4728-3p expression and that of ERBB2, we examined ERBB2 expression by real time
PCR. Similar to miR-4728-3p, ERBB2 was down-regulated 3.3-fold (p<0.001) in UC
patients harboring a remote neoplastic lesion (Figure 4A). In addition, there was a direct
correlation within samples between transcript expression by qPCR of the miRNA and
expression of ERBB2 (r=0.51, p<0.001) (Figure 4B).

Discussion

Prior studies have reported the occurrence of several molecular and genetic changes in
nondysplastic mucosa remote from a neoplastic lesion in patients with long-standing
ulcerative colitis (17-20). Similarly, we previously described gene expression changes
occurring in the rectal mucosa of patients harboring a remote (proximal) neoplastic lesion
(21). The current study validates many of the previously identified dysregulated genes in an
independent and larger cohort of patients. In addition, we demonstrate for the first time that
mMiRNA expression changes likewise occur in non-dysplastic mucosa that could successfully
identify UC patients who harbor more proximal neoplastic lesions. Given miRNA stability,
including in formalin-fixed paraffin-embedded tissues, and the fact that they can be
accurately quantified by multiple methods, miRNAs are attractive biomarkers for clinical
use. As such, miRNAs with altered expression in nondysplastic mucosa from UC patients
harboring a remote neoplastic lesion have the potential to be used to risk-stratify individuals
with long-standing ulcerative colitis.

As miRNAs are key mediators in many cellular processes, identification of miRNA-
regulated pathways could also provide insights into the pathogenesis of neoplasia in the
setting of chronic inflammation. Previous work has demonstrated dysregulation of several
mMiRNAsS, including miR-31, miR-21, miR-214, and miR-224 in IBD-associated neoplastic
tissue (13-16). Although we did not examine these miRNAs in neoplastic tissue, we did
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identify significant up-regulation of miR-31, 21, and 214 in non-dysplastic mucosa in
patients who harbor proximal neoplasia compared to patients without neoplasia
(Supplementary Table 4). In this study, we focused on the functional importance of
miR-4728-3p based on its predicted regulation of the focal adhesion pathway and report on
the down-regulation of the miRNA as well as provide /n vivoand in vitro supporting data
that this miRNA negatively regulates focal adhesion complexes in UC patients harboring
neoplasia. Three genes involved in focal adhesion complexes, CAV1, COL1A2, and THBS2,
were up-regulated in UC patients harboring remote neoplasia as well as UC-associated
cancer (32-34). In addition, these genes exhibited inverse expression levels compared to
miR-4728-3p in the same tissues, and were confirmed experimentally as direct targets of
miR-4728-3p in colon cancer cells. Focal adhesion complexes mediate intracellular
signaling by binding to the extracellular matrix, a process that increases cancer cell
adhesion, migration, and invasion (35-37). The focal adhesion pathway was one of the most
significantly enriched genomic pathway in UC patients harboring proximal neoplasia.
Hence, the fact that miR-4728-3p regulates focal adhesion complexes and cell migration
supports its role as a tumor suppressor in ulcerative colitis.

miR-4728-3p is located within an intron in the unspliced ERRB2 precursor mRNA.
Although little is known regarding the function of miR-4728-3p in cancer, previous work in
breast cancer has demonstrated a strong correlation between miR-4728-3p expression and
HER?2 status (38—40). Similarly, we found that expression of miR-4728-3p was highly
correlated with that of ERBB2 in our analysis. Although ERBB2 has been described to have
oncogenic properties, we demonstrated that expression was significantly down-regulated in
UC patients who harbored neoplastic lesions. This is consistent with findings from previous
studies which concluded that a low percentage of sporadic colon cancers are HER2 positive
as well as a recently published analysis that identified a low rate of ERBB2-activating
mutations in IBD-associated neoplasia (41-43).

This study had several limitations. In our analysis, we identified concordant changes in
miR-4728-3p and target genes in tissue remote from neoplastic lesions. Although these
findings are consistent with the notion of field effects or field cancerization that is supported
in colonic tumorigenesis and applicable for biomarker discovery, we are not able to
demonstrate clear causality in the development of neoplasia involving this miRNA-regulated
pathway. In addition, we were unable to evaluate time-dependent changes in expression or
the predictive nature of miR-4728-3p or that of its putative targets in patients with long-
standing ulcerative colitis. Although the two patient groups did not show a significant
difference in medication usage or disease-specific variables, the impact of these factors on
miRNA expression could not be assessed secondary to the sample size. As such, these
findings will need to be validated in a larger independent cohort of patients. To address
causality, we will also need to follow levels of this miRNA over time with serial biopsies
preceding neoplastic transformation. To our knowledge, there is no data examining the
functional properties of CAV1, COL1A2, or THBS2 on mucosal inflammation or
carcinogenesis in IBD. As such, future studies will focus on examining if each of these
genes individually mediate the impact of miR-4728-3p on cellular focal adhesions and tumor
growth.
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In conclusion, we have identified miRNA and mRNA changes that occur in the non-
dysplastic distal colonic mucosa of patients with long-standing ulcerative colitis who harbor
more proximal neoplastic lesions. Although our results will need to be confirmed in a larger
prospective analysis, these findings have the potential to be used clinically as a less invasive
method for improved detection and risk-stratification in patients with IBD. The
miR-4728-3p pathway, regulating focal adhesion complexes and occurring as a field effect in
UC-associated colonic neoplasia, may be useful as a biomarker and a chemopreventive
target as it may both disclose underlying neoplastic transformation and drive further
neoplastic progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. mRNAs and miRNAs are differentially expressed in nondysplastic rectal mucosa from
patientswith ulcer ative colitiswho harbor remote neoplasia

A) Heat map representing two-way unsupervised hierarchical clustering of global mMRNA
array data. Genes included in the heatmap had an interquartile range across samples of >1.
The red squares represent UC patients without neoplasia and the blue squares represent UC
patients harboring a proximal neoplastic lesion. B) The top 12 enriched Gene Ontology and
KEGG pathways that were enriched in UC patients harboring remote neoplasia. C) Principal
component analysis of global miRNA expression. Each red circle represents a UC patient
without neoplasia and each blue circle represents a single UC patient harboring remote
neoplasia.
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Figure 2. miR-4728-3p is decreased, whereas target genes CAV1, COL1A2, and THBS2 are

increased in I|BD patientswith neoplasia

Expression correlation between miR-4728-3p and CAV1 (A), COL1A2 (B), and THBS2 (C)
by microarray analysis. Quantitative real-time PCR was performed to validate expression of
miR-4728-3p (D) as well as CAV1, COL1A2, and THBS2 (E) in the same 42 patients
analyzed by microarray. Quantitative real-time PCR was also performed in 11 UC-
associated cancers, nondysplastic adjacent tissue, and normal-appearing control tissues for
miR-4728-3p (F) as well as CAV1, COL1A2, and THBS2 (G). Error bars represent standard

error of the mean.
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Figure 3. miR-4728-3p targets CAV1, COL 1A2, and THBS2, decreases cellular migration, and
controls focal adhesion complexesin colon cancer cells

A) Representative Western blots and B) quantitative expression by densitometry of CAV1,
COL1A2, and THBS2 in the indicated colon cancer cell line following transfection with
miR-4728-3p or scrambled oligo (n=3/treatment group). C) Firefly luciferase activity after
transfection with miR-4728-3p and following treatment of indicated genes regulated by wild
type or mutant 3"UTR (n=6/treatment group). To control for transfection efficiency, firefly
luciferase activity was normalized to renilla luciferase activity. D) Representative images of
wound healing in HCT116 cells treated with miR-4728-3p or a scrambled probe.

E) Quantitative measurement of cell migration to assess wound closure in HCT116 cells
treated with miR-4728-3p or a scrambled probe (values are means + SD of 3 independent
platings). F) Representative immunofluorescence images of vinculin and actin to assess
focal adhesion complexes and actin cytoskeleton in HCT116 cells following treatment with
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miR-4728-3p or a scrambled probe. G) Focal adhesion intensity and H) area following
treatment with miR-4728-3p or a scrambled probe (n=3 wells with 12 measurements each/
treatment group). Error bars represent standard deviation.
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Figure 4. Expression levels of miR-4728-3p and ERBB2 are correlated
Expression of ERBB2 was analyzed as miR-4728-3p is located in an intron in the ERBB2

gene. A) ERBB2 expression by quantitative real-time PCR from nondysplastic rectal
mucosa in ulcerative colitis patients harboring proximal neoplasia compared to those
without neoplasia. B) Correlation analysis comparing PCR transcript expression of
miR-4728-3p to ERBB2. Fold Change is expressed for each individual patient compared to
the mean of expression of subjects without neoplasia. Error bars represent standard error of
the mean.
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Demographic and disease-specific characteristics of subjects included in the analysis.

Table 1

UC with neoplasia (n=19)

UC without neoplasia (n=23)

Sex
Female 5 (26%) 11(48%)
Male 14 (74%) 12(52%)
Race
African American 2 (11%) 2 (9%)
Asian 1 (5%) 1 (4%)
Caucasian 16 (84%) 20(87%)
Ethnicity
Hispanic 0 2 (9%)
Not Hispanic 19 (100%) 21 (91%)

Median Age (IQR)

49.1 years (40.4-59.3)

51.7 years (38.5-57.1)

Median Disease

17.3 (12.9-23.7)

22.1 years (13-33.3)

Duration
PSC 3 (16%) 0
Medications
Mesalamine 12 15
Immunomodulator 2 6
Anti-TNF 0 4
Anti-integrin 1 0
None 4 1
Disease Extent
Left-sided 3 (16%) 5 (22%)
Pancolitis 16 (84%) 18 (78%)
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