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Abstract

Purpose—~Patients with ulcerative colitis (UC) are at increased risk for colorectal cancer,
although mechanisms underlying neoplastic transformation are poorly understood. We sought to
evaluate the role of microRNAs in neoplasia development in this high-risk population.

Experimental Design—Tissue from 12 controls, 9 UC patients without neoplasia, and 11 UC
patients with neoplasia was analyzed. miRNA array analysis was performed and select miRNAs
assayed by real-time PCR on the discovery cohort and a validation cohort. DNA methylation of
miR-193a was assessed. Following transfection of miR-193a-3p, proliferation, ILL7RD
expression, and luciferase activity of the 3’UTR of IL17RD were measured. Tumor growth in
xenografts as well as EGFR signaling were assessed in HCT116 cells expressing IL17RD with
either a mutant 3’ untranslated region (UTR) or wild-type (WT) 3’UTR.

Results—miR-31, miR-34a, miR-106b, and miR-193a-3p were significantly dysregulated in UC-
neoplasia and adjacent tissue. Significant down-regulation of miR-193a-3p was also seen in an
independent cohort of UC-cancers. Changes in methylation of miR-193a or expression of pri-
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miR-193a were not observed in UC-cancer. Transfection of miR-193a-3p resulted in decreased
proliferation, and identified IL17RD as a direct target of miR-193a-3p. IL17RD expression was
increased in UC-cancers, and miR-193a-3p treatment decreased growth and EGFR signaling of
HCT116 cells in xenografts expressing both IL17RD with WT 3’UTR compared to cells
expressing IL17RD with mutant 3’UTR.

Conclusions—miR-193a-3p is down-regulated in UC-neoplasia, and its loss promotes
carcinogenesis through up-regulation of IL17RD. These findings provide novel insight into
inflammation-driven CRC and could suggest new therapeutic targets in this high-risk population.
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Introduction

Patients with long-standing ulcerative colitis (UC) are at increased risk for colorectal cancer
(CRC) (1,2). Although many mechanisms of carcinogenesis in IBD remain unknown,
neoplastic lesions likely result from a combination of genetic alterations, inflammatory
mediators, and activation of cell signaling pathways. Discovery of novel genomic mediators
of these pathways could greatly facilitate risk stratification as well as treatment and
chemoprevention strategies.

Gene expression is regulated in part by a class of hon-coding RNAs, termed microRNAs
(miRNAs). These small RNAs regulate gene expression by binding to the 3’ untranslated
region (UTR) of messenger RNA (mRNA) and either inhibit protein translation or
destabilize target MRNA (3). Changes in miRNA expression have been implicated in the
pathogenesis of many cancer types, including colon cancer (4-7). miRNAs control the
expression of signaling molecules and play important roles in cell growth (8). As such,
growth promoting or cell death inhibiting miRNAs, if up-regulated, could act as gain-of-
function oncogenes, whereas growth suppressing or cell death enhancing mRNAs, if down-
regulated, could act as loss-of-function tumor suppressors (9).

Prior studies, including analyses from our group, indicate that the miRNA profile changes in
chronic UC-associated inflammation (10-13). Several small studies have also demonstrated
dysregulation of multiple miRNAs, including miR-31, miR-21, and miR-224 in IBD-
associated neoplastic tissue (14-17). However, alterations in miRNA expression have not
been examined globally in a large subset of patients with advanced UC-associated neoplasia,
nor have miRNA changes been described in non-dysplastic tissue adjacent to a neoplastic
lesion. In addition, there has been limited evaluation of the functional role of miRNAs
dysregulated in inflammatory bowel disease (IBD)-carcinogenesis. In this study, we describe
miRNA changes occurring in both IBD-neoplasia as well as adjacent non-dysplastic tissue
and investigate the functional role of the tumor suppressor, miR-193a-3p, and a putative
target which potentiates EGFR signaling, interleukin 17 receptor D (IL17RD), in ulcerative
colitis-associated cancer.
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Materials and Methods

Tissue

Discovery Cohort: The study was approved by the institutional review board at the
University of Chicago (IRB# 11-0411 and 10-209A). Archived formalin-fixed paraffin-
embedded tissues (FFPET) were obtained from normal controls and patients with UC who
underwent a colectomy. Three groups of patients were examined: Normal Controls (N,
n=12), UC patients without neoplasia (UC, n=9), and UC patients with neoplasia (n=11).
From the UC patients with neoplasia, two separate tissues were analyzed, UC-associated
neoplastic tissue (UCN, n=10; HGD-4, CRC-6), and non-dysplastic UC tissue adjacent to a
neoplastic lesion (nUCaN, n=10). The tissue adjacent to the neoplastic lesion was obtained
from the archived FFPET in closest proximity to the neoplastic lesion. Baseline
demographics, site of sample collection, and medication usage for each group is presented in
Supplementary Table 1. Additional information on the patient groups, inclusion, and
exclusion criteria are included in the supplementary materials and methods.

Validation Cohort: Flash-frozen tissue was obtained by the University of Chicago Human
Tissue Resource Center using mucosal stripping after surgical resection from 11 patients
with sporadic colon cancer and 11 patients with UC-associated colon cancer. Comparison in
this group was performed between normal-appearing tissue adjacent to sporadic colon
cancers (normal controls, n=11), UC-associated cancer (n=11), and non-dysplastic mucosa
adjacent to the UC-cancers (n=11). Individuals and samples were matched by age and colon
location, respectively.

RNA and DNA extraction

RNA and DNA were extracted from FFPET and fresh frozen samples as described in the
supplementary materials and methods.

Nanostring Analysis

miRNA analysis was performed using the Nanostring nCounter expression assay v1 per
manufacturers specifications. Details regarding the analysis of array data are presented in the
supplementary materials and methods.

Real-Time PCR

Quantitative real time PCR was performed to assess expression of miR-31, miR-34a,
miR-106b, miR-193a-3p, miR-376, miR-497, pri-miR-193a, and /L17RD as detailed in the
supplementary materials and methods. Results were normalized to beta actin, comparisons
made between groups using the 2722CT method (18), and significance calculated using the
Student’s t-test.

Genomic Bisulfite Sequencing

DNA bisulfite treatment was carried out using the Qiagen Epitect Bisulfite Kit per
manufacturer’s directions. Primers for miR-193a designed with methprimer software (L:
TTTGAGGGATATTTAGAGTTT, R: AACCTAAAAAACAACCTAACC). PCR, subcloning
of products, and sequencing were carried out as described in the supplementary materials
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and methods. Analysis and visualization of CpG dinucleotide methylation was performed
using BISMA software (http://services.ibc.uni-stuttgart.de/BDPC/BISMA)(19)

Immunohistochemistry

Immunohistochemistry was carried out as previously described using antigen retrieval with a
citrate buffer and primary antibody for IL17RD at a concentration of 1:15 (R & D Systems,
Minneapolis, MN) (20).

Colonocyte Isolation

Cell Culture

Colon biopsies (n=6-12/subject) were collected from the sigmoid colon and stored for up to
6 hrs at +40C in transport media which consists of Mg?* and Ca?* free PBS containing 50
IU/ml penicillin, 50 ug/ml streptomycin and 0.5 mg/ml gentamycin. Isolation of colonocyte
and stromal fractions was performed as detailed in the supplementary materials and
methods.

HCT116, DLD-1, LoVo, and HT29 colon cancer cells, as well as human umbilical vein
endothelial cells (HUVEC) and human colonic fibroblasts (CCD-18co) were obtained from
ATCC. HCT116 luciferase expressing cells were obtained from Dr. Tong Chuan He
(University of Chicago) for xenograft experiments. We routinely authenticate cell lines by
short tandem repeat analysis (21). The most recent date of authentication was 2/2017 by the
University of Arizona Genetics Core. miRNA transfection experiments were conducted on
pre-confluent HUVEC and HCT116 cells. Cells were seeded on 6 well plates and
transfected the following day with 6.25 nM and 12.5 nM mimics of mature miR-193a-3p
(Life Technologies; assay ID: MC11123, catalog # 4464066) or control oligonucleotides
(Life Technologies assay ID: AM17110, AM17111) and cells harvested 72 hrs later to
examine protein and RNA expression.

Preconfluent HCT116, LoVo, HT29, and DLD1 cells were treated with 0, 5 pM, or 10 uM 5-
aza-2’-deoxycytidine daily for 5 days. The cells were harvested 24 hrs after the last
treatment and pri-miR-193a as well as mature miR-193a-3p measured by gPCR.

Three seed matches for miR-193a-3p are contained in the 3’ untranslated region (UTR) of
/L 17RD at positions 128-134, 964-970, and 5378-5384. A 910 bp oligonucleotide flanking
the first 2 seed sequences and a mutant construct, in which both seed sequences were
deleted, were constructed by Origene (Rockville, MD) and inserted downstream from a
luciferase encoding cDNA in the pMirTarget Destination Vectors (Origene) (Supplementary
material and methods). HCT116 cells were co- transfected with the vector coding for firefly
luciferase regulated by wildtype or mutant /L17RD 3’UTR together with a renilla luciferase
regulated by a CMV to control for transfection efficiency. Cells were then transfected with a
mature mimic of miR-193a-3p or scrambled probe (Life Sciences) and harvested 48 hours
later. firefly luciferase activity regulated by /L17RD-3’UTR was normalized to renilla
expression for each well. Eight wells for each condition were evaluated and mean expression
between each group compared using a Student’s t-test.
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To assess cellular proliferation, preconfluent (5000-7500 cells/96 well plate) HCT116,
HT29, or CCD18co cells were transfected with 25 nM miR-193a-3p or control miRNA and
proliferation assessed 48 hours later using a WST-1 proliferation assay. Raw optical density
was obtained in 12 replicates, normalized, percent proliferation calculated as compared to a
scrambled control miRNA, and significance assessed using a two-sample t-test.

hSEF (/L17RD) plasmid was obtained from Dr. Chang (Tsinghua University) (22). The
plasmid was transiently transfected into HCT-116 or HT-29 cells and proliferation assessed
by WST-1 proliferation assay 96 hrs later. In separate experiments, HT29 cells were
transiently transfected with the /L17RD encoding plasmid, and 24 hrs later cells were either
treated with 10 ng/ml of epidermal growth factor (EGF) or untreated. Cells were harvested
for protein 15 and 30 min after EGF treatment. WST-1 proliferation assay was performed 72
hrs after EGF treatment of cells seeded on 12 well plates containing 2000-2500 cells/well.

/L 17RD with either the 910 bp wild type 3’'UTR or mutant 3’UTR on the 3’ end of /L17RD
were stably transfected into HCT116 cells. A polyclonal population of /L17RD-3'UTR
stable transfectants were untreated or treated with a 20nM of a scrambled probe or 5nM,
10nM, or 20nM of miR-193a-3p for 24 hours and harvested for protein extraction. In
separate experiments, HCT116 cells expressing /L 17RD with WT 3’UTR or mutant 3’UTR
were transfected with similar doses of a miR-193a-3p antagomir (Life Technologies; assay
ID: MH11123, catalog #4464088).

Animal Studies

Animal studies were approved by the University of Chicago Institutional Animal Care and
Use Facility (#59771). Nod Scid Gamma (NSG /") mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). A mixed population of 2.5 million HCT116 cells which were
stably transfected with /L17RDwith WT 3’UTR were injected in one flank and a
comparable number of cells expressing /L17RD with mutant 3’UTR were injected into the
opposite flank in 15 nine week old male mice. 10ug of mature miR-193a-3p was mixed with
in-vivo jetPEI (Polyplus, IlIkirch, France) for intraperitoneal injection per manufacturers
specifications. The mice were treated with miR-193a-3p (n=10) or vehicle alone (n=5,
jetPEI alone) on days 5 and 8 after implantation of HCT116 cells. Tumor growth was
measured three times weekly for 3 weeks and the mice were sacrificed 25 days after
implantation of tumors. Tumor volumes were compared at each time point using a Wilcoxon
signed rank test. In separate experiments, 10ug of anti-miR-193a-3p was injected into 9-
week old male and female NSG~/~ mice (n=9) or vehicle (n=6) with HCT 116 cells
containing /L17RD and the WT 3’UTR in one flank. Injections of anti-miR-193a-3p were
initiated 12 days after tumor implantation and continued twice weekly for 3 weeks. Tumor
growth was measured after the final injection (35 days after initial cell injection) and the
animals were sacrificed 3 days later. Tumor volumes were compared between groups every 3
days using a Student’s t-test. Immunohistochemistry was performed for ki67 with a
concentration of 1:500 (Thermo Scientific, Waltham, MA) on formalin fixed paraffin
embedded tissues. Nuclear staining was assessed on these samples using ImmunoRatio
software to evaluate cellular proliferation (23). Percent of positive staining was compared
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between tumors expressing the MT or WT 3’UTR in both vehicle and miR-193a-3p treated

animals using a paired Student’s t-test.

Western Blotting

Results

Protein extraction and Western blotting were performed as previously described (24).
Primary antibodies against IL17RD, FLAG, pAKT, pERK, pERBB2 EGFR, pEGFR, and
beta actin were used with a dilution of 1:500 for IL17RD (R and D systems), 1:1000 for
FLAG (Clontech, Mountain View, CA),1:500 pAKT (Cell Signaling Technology, Danvers,
MA), 1:500 for EGFR (Cell Signaling Technology), 1:100 for pPEGFR (Santa Cruz
Biotechnology, Dallas, TX), 1:2500 for pERK (Santa Cruz Biotechnology), 1:200 for
pERBB2 (Santa Cruz Biotechnology) and 1:5000 for beta actin (Sigma Aldrich, St. Louis,
MO). Mean expression between treatment group was compared using a Student’s t-test.

Microarray analysis identifies 13 miRNAs which are significantly dysregulated in both UC-
neoplasia and adjacent tissue compared to UC without neoplasia

Using RNA extracted from FFPET, we compared miRNA expression levels quantified with
Nanostring technology among normal controls, UC without cancer, UC-associated neoplasia
and mucosa adjacent to the neoplastic lesion. Following normalization, 11 samples were
removed from the analysis as they demonstrated a ‘batch effect’, clustering together in 2-
way unsupervised hierarchical clustering analysis. miRNA expression was analyzed from
arrays in the remaining 30 patients, including 9 normal controls, 7 UC patients without
neoplasia (UC), 7 UC-associated neoplastic tissues (UCN), and 7 non-dysplastic UC mucosa
adjacent to a neoplastic lesion (nUCaN). As shown in the multidimensional scaling analysis
in figure 1A, there was clustering by miRNA expression between UCN and UC (p=0.003) as
well as between nUCaN and UC (p=0.056). Compared to normal controls, there were 39
significantly dysregulated miRNAs in UC patients without neoplasia, 10 significantly
dysregulated miRNAs in UC neoplastic tissues, and 11 dysregluated miRNASs in
nondysplastic UC tissue adjacent to a neoplastic lesion (LogFC>1 and p<0.01) (Figure 1C).
Compared to UC without neoplasia, there were 59 miRNAs with a significant change in
expression in UCN, and 18 miRNAs with a significant change in expression in nUCaN
(Figure 1D, Supplementary data tables 2—6). Thirteen miRNAs were significantly
dysregulated in both UCN and nUCaN compared to UC without neoplasia (Figure 1E).

Real-time PCR validates array findings that miR-31, miR-34a, miR-106b are up-regulated
and miR-193a-3p is down-regulated in UC-associated neoplasia and adjacent tissue

Six miRNAs (miR-31, miR-34a, miR-106b, miR-193a-3p, miR-376¢, and miR-476) which
were significantly dysregulated in both UCN and nUCaN compared to UC without neoplasia
and previously described to be dysregulated in other cancers were analyzed by gPCR in all
samples (h=41). miR-31 demonstrated significant up-regulation in UCN and nUCaN
compared to both normal controls and UC without neoplasia (UCN vs N: 9.7-fold, p<0.001;
UCaN vs. N: 8.2-fold, p<0.001; UCN vs. UC: 4.7-fold, p=0.01; UCaN vs. UC: 4.0-fold,
p=0.05). Similarly, miR-106b was significantly up-regulated in both UCN and UCaN
compared to both normal controls and UC without neoplasia (UCN vs N: 1.8-fold, p=0.04;
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UCaN vs. N: 3.4-fold, p=0.005; UCN vs. UC: 2.2-fold, p=0.04; UCaN vs. UC: 4.1-fold,
p=0.009). miR-34a was significantly up-regulated in UCN and nUCaN compared to UC
without neoplasia (UCN vs. UC: 3.3-fold, p=0.03; UCaN vs. UC: 5.3-fold, p=0.006)
although did not demonstrate a significant change in expression compared to normal
controls (UCN vs. N: 1.2-fold, p=0.7; UCaN vs. N: 1.9-fold, p=0.2). In contrast to
microarray findings, expression of miR-376¢ and miR-497 were not up-regulated in UCN by
gPCR (figure 2A). miR-193a-3p expression was down-regulated 2.9-fold in UC (p=0.04),
3.3-fold in nUCaN (p=0.03), and 5.3-fold in UCN (p=0.003) compared to normal controls.
Compared to UC without dysplasia, miR-193a-3p was down-regulated 1.2-fold in nUCaN
(p=0.7) and 1.9-fold in UCN (p=0.05) (Figure 2B).

DNA Methylation of miR-193a is not increased in UC-associated colon cancer

Because miR-193a-3p was down-regulated in IBD-associated cancer and is located in a CpG
island (Figure 3A), DNA methylation of the gene was analyzed. Bisulfite genomic
sequencing was performed in 3 normal controls, 2 quiescent UC tissues, and 3 UC-
associated cancers. As shown in figure 3B, there was a heterogeneous pattern of methylation
across all samples without significant differences in total methylation between phenotypic
groups (Normal: 62%, UC: 42%, UC-cancer: 46%). Likewise, there was no association
between miRNA expression and percent methylation across these samples (Figure 3B).

In vitro, pri-miR-193a expression was significantly increased following treatment with 5-
AZA in LoVo cells, although there were no differences in mature miR-193a-3p expression.
In contrast, 5-AZA did not induce changes in expression of pri-miR-193a or mature
miR-193a-3p in HCT116, DLD-1, or HT29 cells (Figure 3C).

Expression of the primary transcript of miR-193a is unchanged although miR-193a-3p is
significantly down-regulated in a validation set of UC-cancers

pri-miR-193a and miR-193a-3p were assessed by gPCR in an independent cohort of normal
controls, UC-associated colon cancers, and non-dysplastic mucosa adjacent to UC-
associated cancers (n=11/group). As shown in figure 4A, there were no differences in
primary transcript expression levels of pri-miR-193a in UC-cancer (p=0.49) or adjacent
tissue (p=0.75) compared to normal controls. There was a significant decrease, however, in
expression of mature miR-193a-3p in UC-cancers (5.6-fold, p=0.03) and adjacent non-
dysplastic tissue (4.8-fold, p=0.05) compared to normal controls. These findings paired with
the methylation analysis support the conclusion that down-regulation of miR-193a-3p in
IBD-cancer involves post-transcriptional dysregulation.

Relative expression of miR-193a-3p is higher in stromal cells than colonocytes in normal

controls

In order to explore the cell specificity of miR-193a-3p, we isolated colonocytes from stromal
cells in biopsies obtained from colonoscopy in 13 normal controls. To confirm separation of
stromal cells from colonocytes, we measured expression of vimentin, which is specific for
stromal cells, and CK20, which is specific for colonocytes (Figure 4B). miR193a-3p was
detected in both isolated colonocytes and stromal cells. Compared to whole biopsy
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specimens, however, miR193a-3p was enriched in isolated stromal cells and decreased in
isolated colonocytes (p<0.001) (Figure 4B).

IL17RD transcript and protein expression are increased in UC-associated neoplasia and
discordant to expression of miR-193a-3p

As IL17RD has the second highest weighted context++ score as a target of miR-193a-3p in
TargetScan (www.targetscan.org) and we theorized it has an oncogenic role in colitis-
associated cancer, we evaluated transcript and protein expression of IL17RD in UC and UC-
associated neoplasia (25). Real time PCR was carried out in normal controls, UC-associated
cancers, and non-dysplastic mucosa adjacent to the cancer from samples in the validation
cohort (n=7 samples/group). Six of the seven UC-associated cancers had active
inflammation in the surrounding mucosa. Compared to normal controls, /L17RD was
increased in UC-associated cancer 3.2-fold (p=0.04), and in non-dysplastic mucosa adjacent
to the cancers 2.7-fold (p=0.03) (Figure 4C). In subjects who had expression of
miR-193a-3p and /L17RD analyzed in the same sample, there was an inverse correlation
between miR-193a-3p and /L17RD (R?=-0.23) (Figure 4D). By immunohistochemistry,
IL17RD expression was present in malignant colonocytes in IBD-associated cancers,
whereas expression was seen predominately in endothelial and other stromal cells in normal
controls, active UC, and quiescent UC. In a tissue array of 24 UC-associated cancers, 19/24
had strong positive staining and 5/24 had weak positive staining (figure 4E).

miR-193a-3p decreases colon cancer cell proliferation and directly targets IL17RD

To examine the growth phenotype of miR-193a-3p, HT-29, HCT-116 colon cancer cells, and
CCD-18co colonic fibroblasts (a stromal cellular component) were transfected with mature
mimic of miR-193a-3p and proliferation was assessed. As shown in figure 5A, up-regulation
of miR-193a-3p significantly decreased proliferation in both colon cancer cell lines as well
as cultured fibroblasts. At 48 hours, miR-193a-3p up-regulation resulted in a 34% decrease
in proliferation of HCT116 (p<0.001), 19.5% decrease in proliferation of HT-29 cells
(p=0.002), and 14.1% decrease in proliferation of CCD-18co cells (p=0.03).

We next carried out cell culture studies to investigate regulation of IL17RD by miR-193a-3p.
To assess a direct interaction between miR-193a-3p and IL17RD, a 910bp oligonucleotide
containing 2 predicted binding sites for the miR-193a-3p seed sequences in the 3’UTR of
IL17RD and a mutant /L17RD 3’UTR with the seed complement sequences deleted were
cloned into a luciferase vector regulated by /L17RD 3’UTR. Compared to a scrambled
oligonucleotide control, miR-193a-3p decreased expression of luciferase regulated by
wildtype 3’UTR construct by 42% (p<0.001). Luciferase activity was also decreased 37%
with transfection of miR-193a-3p in cells containing the wildtype 3’UTR compared to the
mutated 3’UTR (p=0.001). In untreated cells, luciferase activity was decreased 13% in cells
containing luciferase regulated by /L17RD wild-type 3° UTR compared to the mutated 3’
UTR, likely related to endogenous miR-193a-3p activity in these colon cancer cells (p=0.02)
(Figure 5B).

HCT116 and HUVEC cells were also transfected with 6.25 nM or 12.5 nM mature mimic of
miR-193a-3p or a scrambled RNA oligonucleotide and cells were harvested 72 hours later to

Clin Cancer Res. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pekow et al.

Page 9

measure IL17RD protein and gene expression. HUVEC cells were selected because of high
baseline expression of IL17RD (26). Following transfection with 6.25 nM in HUVEC, there
was a decrease in /L17RD RNA expression (2.1-fold; p=0.03), but no differences in IL17RD
protein expression compared to the scrambled control. With transfection of 12.5 nM of
mature miR-193a-3p, there was downregulation of both IL17RD protein (2.5-fold) and
transcript expression (3.1-fold; p<0.001) (Figure 5C). In HCT116 cells, baseline IL17RD
protein expression was too low to detect a band on Western blot. Similar to the HUVEC
cells, however, /L17RD RNA expression in HCT116 was minimally decreased (1.2-fold,
p=0.2) following transfection with 6.25 nM of the miRNA although there was a greater
decrease in expression following transfection with 12.5 nM miR193a-3p (1.7-fold, p=0.06)
(Figure 5D).

IL17RD increases EGF-induced colon cancer cell proliferation and EGFR signaling

In previous studies, IL17RD prevented degradation of EGFR and potentiated EGF signaling
in HEK293T human embryonic kidney cells (27). As such, we explored the effect of
IL17RD over-expression on proliferation of colon cancer cells with or without EGF
treatment. Without EGF treatment, IL17RD over-expression resulted in a decrease in cell
proliferation at 96 hours in HT-29 cells (12.1%, p<0.001), which have a p53 mutation, and
no change in proliferation of HCT116 cells, which do not carry a p53 mutation
(Supplementary Figure 1A). In contrast, in colon cancer cells that were treated with EGF,
IL17RD significantly increased proliferation of both HT-29 cells (16%, p<0.001) and
HCT116 cells (53%, p<0.001) 96 hrs following transfection (Supplementary Figure 1B). We
also examined pAKT, pERK pEGFR, and pan-EGFR in EGF-treated cells transfected with a
plasmid coding for /L17RD or an empty vector (EV) plasmid. In HT-29 cells transfected
with /L17RD, EGFR and ERK were activated 15 minutes after treatment of EGF, and AKT
was activated by 30 minutes (Supplementary Figure 1C and 1D). As expected short-term
EGF treatment led to a decrease of pan-EGFR in both /L17RD transfected and control cells,
although EGF-treated /L17RD and controls were not different with respect to pan-EGFR
(Supplementary Figure 1C). However, /L 17RD transfection into HT29 cells not treated EGF
exhibited a trend towards an increase in total EGFR expression compared to cells treated
with an empty vector 96 hours after transfection of /L17RD (p=0.1) (Supplementary Figure
1E).

miR-193a-3p regulates IL17RD controlled EGFR signaling

To explore the interaction between miR-193a-3p, IL17RD, and EGFR signaling, HCT116
cells stably transfected with the WT 3’UTR and /L17RD or the mutant 3’UTR and /L17RD
were treated with miR-193a-3p. As shown in figure 6A and 6B, miR-193a-3p resulted in
significant down-regulation of pAKT and pERK in cells expressing the WT 3’UTR at 5nM,
10nM, and 20nM. In addition, there was down-regulation of pERBB2 with treatment of
20nM of miR-193a-3p in cells expressing the WT 3’UTR. In contrast, expression of pAKT
and pERK were increased in cells expressing the WT 3’UTR and /L17RD compared to
those expressing the mutant 3’'UTR and /L17RD following treatment with a miR-193a-3p
antagomir (Figure 6C and 6D). We did not observe differences in EGFR expression between
WT 3’UTR and mutant 3’UTR expressing cells following treatment with miR-193a-3p or its
inhibitor.
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miR-193a-3p suppression of colon cancer growth is mediated through IL17RD

To explore the interaction between miR-193a-3p, IL17RD, and tumor growth, HCT116 cells
were stably transfected with the plasmid coding for /L17RD controlled by either wild type
or mutant 3’ UTR for the /L17RD gene. NSG™/~ mice were injected on contralateral flanks
with cells expressing /L17RD regulated by either wild-type or mutant 3’UTR.
Intraperitoneal treatment of mice with miR-193a-3p significantly decreased growth of
tumors expressing /L17RD with wild type 3’UTR compared to tumors in vehicle treated
mice expressing /L17RD with WT 3’UTR or tumors in mice expressing ILZ7RD with
mutant 3’UTR (Figure 6E). Similarly, in miRNA treated mice cellular proliferation was
significantly decreased in tumors expressing /L17RD with wild-type 3’'UTR compared to
tumors with cells expressing /L17RD with mutant 3’UTR (Figure 6F and 6G). In separate
experiments, intraperitoneal injection of anti-miR-193a-3p resulted in significantly increased
growth of tumors expressing wild-type 3° UTR of /L17RD (Figure 6H).

Discussion

This report highlights the importance of miRNAs in the pathogenesis of IBD-associated
colon cancer. We identified several miRNAs that were dysregulated in IBD-associated
neoplasia which may contribute causally to cancer development in this high-risk population.
In addition, this study established that changes in miRNAs occur in non-dysplastic mucosa
adjacent to a neoplastic lesion as a “field effect”. We also demonstrated down-regulation of
miR-193a-3p in IBD-associated neoplasia, validated changes in an independent cohort, and
identified a possible key mechanism of carcinogenesis in IBD involving IL17RD. Although
miR-193a-3p has been reported as down-regulated in several cancers, this is the first study to
report down-regulation of miR-193a-3p in IBD-associated neoplasia.

Previous miRNA analyses in IBD-associated cancers have focused on the up-regulation of
miR-31, miR-21, miR-155, miR-224, let-7e, miR-17, and miR-122 (14-17,28). In
concordance with these studies, we confirmed up-regulation of miR-31 in UC-associated
neoplasia. The fact that we did not identify changes in several other miRNAs found to be
dysregulated in prior studies may be related to differences in patient populations and
methodological differences including miRNA platforms. Our investigations had the
advantage of controlling for inflammation and location of tissue biopsies among sample
groups as well as having a more homogeneous patient population that included only
ulcerative colitis patients. In addition to demonstrating changes in miR-31, we also
identified significant up-regulation miR-34a and miR-106b, as well as down-regulation of
miR-193a-3p in IBD-associated neoplasia and adjacent tissue. miR-106b, like miR-31, has
been ascribed an oncogenic role in colon cancer previously (29,30). In contrast to our
findings in IBD-cancer, however, previous studies indicate that miR-34a is decreased in a
subset of sporadic colon cancers (31). As the impact of miR-34a on cancer cell proliferation
is dependent on p53 and its expression is associated with that of p53 (32), the up-regulation
observed in neoplasia in our analysis may be linked to the tumor suppressor gene status.
However, we did not directly measure p53 expression in our cohort. In this study, we chose
to focus mechanistic investigations on miR-193a-3p given the fact that it may be integral to
bowel inflammation and is known to function as a tumor suppressor in other cancers, but

Clin Cancer Res. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pekow et al.

Page 11

had not been investigated functionally in colorectal cancer (33-35). Adding to the strength
of our studies, we confirmed and thereby validated changes of miR-193a-3p in an
independent cohort. Although miR-193a-3p has not been reported as down-regulated in
previous studies examining IBD-neoplasia, a direct real time PCR analysis of this miRNA
was not performed in the majority of prior analyses (16,28) (15).

miR-193a is located on chromosome 17. During processing, the hairpin precursor miRNA is
cleaved into mature miR-193a-3p and miR-193a-5p. miR-193a-3p has been reported as
down-regulated in breast, medullary thyroid cancer, as well as non-small cell and squamous
cell lung cancer (34-38). Although there is limited data on expression of this miRNA in
colon cancer, a previous study demonstrated that overexpression of miR-193a decreased cell
proliferation and tumor growth in HT-29 and HCT-116 tumor xenograft experiments (39).
We confirmed the antiproliferative effects of miR-193a-3p in HCT116 tumor xenografts
further supporting the tumor suppressor role of this miRNA. Additional support for the role
of miR-193a-3p in IBD comes from a recent publication, which demonstrated that down-
regulation of this miRNA occurs in active UC and intracolonic delivery of miR-193a-3p
ameliorated dextran sodium sulfate-induced colitis (33).

miR-193a is located in a CpG island. In other cancer types, including leukemia, oral cancer,
and non-small cell lung cancer, hypermethylation at the DNA loci of miR-193a has been
associated with decreased expression of this miRNA (40-42). In contrast to other cancers,
we did not identify changes in methylation associated with decreased expression of this
miRNA in IBD-associated neoplasia. In fact, expression of the primary transcript of
miR-193a was not different between normal controls and IBD-associated cancer. These
results indicate that down-regulation of this miRNA in IBD-associated cancer occurs post-
transcriptionally, most likely secondary to dysregulation of processing or stability of the
mature miRNA in neoplastic tissue.

/L17RD (aka hSEF) is a predicted target miR-193a-3p based on three possible binding sites
in the 3’ UTR of /L17RD that complement the miRNA seed sequence. Prior studies have
concluded that IL17RD has several mechanistic properties, including functioning as an
orphan receptor to potentiate 1L17 signaling (43). Interestingly, IL17RD has been described
to inhibit tumorigenesis /n vitro through antagonistic effects on fibroblast growth factor
(FGF) signaling and inhibition of MAP kinase (MAPK) signaling (22,26,44). In contrast to
this tumor suppressing mechanism, Ren et al demonstrated a dual role of IL17RD whereby
IL17RD potentiates epidermal growth factor (EGF)-mediated MAPK signaling in the
presence of EGF, whereas it exerts opposing effects in the presence of FGF (27). Our
findings support this mechanism as basal cell proliferation was inhibited by IL17RD in the
absence of EGF treatment, but /L 17RD transfection increased cell proliferation in the
presence of EGF. In addition, in cells stably transfected with a plasmid coding for /L17RD
with wild type 3’UTR miR-193a-3p decreased pAKT, pERK, and pERBB2 in vitro and
reduced tumor xenograft growth in vivo compared to cells expressing /L 17RD with mutant
3’UTR. Taken together, our data support the hypothesis that by preventing EGFR
degradation and enhancing EGFR signaling, IL17RD up-regulation mediated by loss of
miR-193a-3p may be an important mechanism driving colon cancer growth in patients with
IBD.
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Only one previous study has examined the impact of IL17RD in colon cancer (45). The
authors of this /in vitro study demonstrated that RAS down-regulation of IL17RD in colon
cancers results in aberrant nuclear localization of MEK 1 and 2 leading to carcinogenesis.
They also reported low baseline levels of IL17RD in colon cancer cell lines, adenomas, and
invasive carcinoma (45). Although we found similar low baseline expression of IL17RD in
HCT116 cells and low immunohistochemical staining in normal controls, we identified
markedly elevated IL17RD expression in malignant colonocytes in IBD and sporadic colon
cancers. This discrepancy may be explained from the fact that the previous analysis only
examined one cancer, and we demonstrate that in some cancers staining is minimal or
patchy. The finding that IL17RD up-regulation in the presence of EGF promotes cellular
proliferation, combined with demonstration that IL17RD is up-regulated in a large number
of IBD-cancers as assessed by both real time PCR and immunohistochemistry, supports our
contention of its oncogenic role in IBD-associated colon cancer.

Although we were able to demonstrate concomitant down-regulation of miR-193a-3p in
association with up-regulation of IL17RD in the same tissues, the cell-specific localization
of miR-193a-3p regulation of IL17RD remains uncertain. While miR-193a-3p is expressed
in the epithelial cell, expression levels are higher in stroma cells of normal colons. By
immunohistochemistry, IL17RD is expressed primarily in the stromal cells in normal
controls, although over-expression of IL17RD in IBD-cancer appears to be predominantly in
malignant colonocytes. For this reason, we hypothesize that colonocyte miR-193a-3p
downregulation contributes to IL17RD up-regulation in epithelial cells (colonocytes) of
IBD-cancers. Other factors are also likely driving IL17RD up-regulation in cancer cells. In
this regard, stromal cell- and colonocyte-specific regulation of IL17RD by miR193a-3p will
require further study.

In conclusion, we identified several dysregulated miRNAs, including down-regulation of the
tumor suppressor miR-193a-3p, in IBD-associated colon cancer and adjacent non-dysplastic
mucosa. In addition, we were able to demonstrate a novel mechanism of carcinogenesis
whereby loss of miR-193a-3p up-regulates expression of IL-17RD. While we focused our
investigations on miR-193a-3p, it is likely that additional miRNA regulated pathways are
important in inflammation associated colon cancer. Although miRNAs have not been widely
used clinically for therapeutics to date, several in vivo delivery approaches have been
developed and are currently being investigated in clinic trials (46,47). Using these or
alternative methods, the miR-193a-3p-IL17RD pathway is a potential target for future
chemopreventive approaches in this high-risk population.
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Translational Relevance

Approximately 1.6 million Americans have Inflammatory bowel disease (IBD), which is
comprised of Crohn’s disease and ulcerative colitis. Patients with long-standing colonic
inflammation related to IBD have a high-risk of developing colonic neoplasia. Although
cancer in IBD differs from sporadic colon cancer in clinical presentation, progression
from dysplasia, and outcome, few studies have mechanistically examined the
pathogenesis of neoplasia in IBD using human samples. In this study, we investigated
miRNA expression in UC-associated cancer and report that loss of the tumor suppressor,
miR-193a-3p, promotes colon carcinogenesis in patients with UC. These findings
uncover a novel mechanism of inflammation-associated colon cancer that has the
potential to be used as a target for chemoprevention and treatment in this high-risk
population.
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Figurel.
miRNA microarray analysis demonstrates differential expression of miRNAs in normal, UC,

UC-neoplasia, and adjacent tissue. Clustering of miRNA expression using non-metric
multidimensional scaling in A) UC vs. UC neoplasia, B) nUCaN vs. UC. Each circle
represents a single subject in the indicated group. C) Venn diagram displaying the number of
significantly up-regulated (red) and down-regulated (green) miRNAs between UC and
Normal Controls, UCN and Normal Controls, as well as nUCaN and normal controls
(LogFC>1, p<0.01). D) Venn diagram displaying the number of significantly dysregulated
miRNAs between UCN and UC as well as nUCaN and UC (LogFC>1, p<0.01). E) miRNAs
with a significant difference in expression (fold change >2, p value <0.05) in both UC-
associated neoplasia as well as non-dysplastic tissue adjacent to a neoplastic lesion
compared to UC without neoplasia.
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Real-time PCR results validate microarray finding that miR-31, miR-34a, miR-106b, and
miR-193a-3p are differentially expressed in both UC-neoplasia and adjacent tissue
compared to UC without neoplasia. miRNAs which were significantly dysregulated in both
UC-neoplasia and adjacent mucosa compared to UC without neoplasia in the array analysis
and had a previously described putative functional roles in carcinogenesis were quantified by
real-time PCR. A) up-regulated miRNAs B) miR-193a-3p.
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Figure 3.
miR-193a does not have increased DNA methylation in UC-associated neoplasia. A)

Genomic structure of miR193a-3p. Location of miR-193a (gray rectangle) with respect to
CpG sites (vertical lines) and region examined by bisulfite genomic sequencing. The
analyzed genomic region had 27 CpG dinucleotides as shown in red. The genomic sequence
of pre-miR-193a is underlined. B) Bisulfite genomic sequencing in eight subjects, including
three normal controls, two UC without dysplasia, and three UC-associated cancers. Red
boxes represent methylated CpG sites and blue boxes unmethylated sites. C) Real time PCR
of pri-miR-193a and miR-193a-3p following treatment with 0, 5uM, or 10 UM of 5-aza-2’-
deoxycytidine daily for 5 days in the indicated colon cancer cell lines (*p <0.05).
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Figure4.

miR-193a-3p is down-regulated and IL17RD up-regulated in UC-associated cancer A)
Expression of the primary transcript of miR-193a and mature miR-193a-3p in an
independent validation cohort of UC-associated cancers and adjacent tissue as compared to
normal controls (n=11/group) B) Expression of miR-193a-3p, in whole colon biopsies, the
fractionated colonocytes, and stroma from the same normal control patients (n=13).
Vimentin, which is highly expressed in colonic fibroblasts, and CK20which is expressed in
colonocytes but not stromal cells, were measured as cell purity controls. C) Expression of
/L17RD in UC-associated cancers and adjacent tissue as compared to normal controls (n=7/
group). D) Correlation between miR-193a-3p and /L17RD transcripts. Individual sample
expression of miR-193a-3p as compared to expression /L17RD with logarithmic trend line
in IBD-cancers and adjacent tissue (fold change of expression as compared to normal
controls). Samples included had expression data available for both miR-193a-3p and
IL17RD (n=12, UC-cancer=6, adjacent tissue=6). E) Immunohistochemistry of IL17RD at
10x magnification [a: Normal Control; b: Quiescent UC; c: Active UC; d,e: Non-dysplastic
mucosa adjacent to a cancer; f,g: UC-cancer; h,i: Sporadic colon cancer; j,k,I: Representative
images from UC-cancers in tissue array demonstrating positive staining in epithelial cancer
cells
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miR-193a-3p decreases cellular proliferation and targets IL-17RD. A) Cellular proliferation
at 48 hours in the indicated cell lines following transfection with 25 nM of miR-193a-3p or
scrambled control. B) Activity of luciferase regulated by mutated or wild type /L17RD 3’-
UTR following transfection with mature miR-193a-3p or a scrambled control
oligonucleotide. Results are expressed as the ratio of fireflyto renilla luciferase activity and
normalized to empty vector. C). Expression of IL17RD by Western blot following
transfection with 6.25 nM or 12.5 nM of miR-193a-3p in HUVEC cells. D) RNA transcript
expression of /L17RD following transfection of 6.25 nM or 12.5 nM of IL17RD in HUVEC
or HCT116 cells.
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Figure®6.
IL17RD mediates the impact of miR-193a-3p on tumor growth and EGFR signaling A)

Western blots demonstrating protein expression following transfection with the indicated
doses of miR-193a-3p or a scrambled probe in HCT116 cells stably transfected with a vector
containing /L17RD with wildtype 3’UTR or /L17RD with mutant 3’UTR. Images represent
one of two blots using the same conditions B) Quantitation of protein expression following
transfection with the indicated doses of miR-193a-3p or a scrambled probe in HCT116 cells
stably transfected with a vector containing /L17RD with wildtype 3’UTR or /L17RD with
mutant 3’UTR. *p<0.05. C) Western blots demonstrating protein expression in parental
HCT116 cells (par) or following treatment with a scrambled probe or miR-193a-3p inhibitor
(Inh) at the indicated doses in HCT116 cells stably transfected with a vector containing
IL17RD with wildtype 3’'UTR or /L17RD with mutant 3’UTR. Images represent one of two
blots using the same conditions D) Quantitation of protein expression following transfection
with the indicated doses of a miR-193a-3p antagomir or a scrambled probe in HCT116 cells
stably transfected with a vector containing /L17RD with wildtype 3’UTR or /L17RD with
mutant 3’UTR. *p<0.05. E) Time course of tumor growth of HCT116 cells stably
transfected with a vector coding for /L17RD with wildtype 3’UTR or mutant 3’UTR with
mutations in the seed binding sites for /L17RD and treated with intraperitoneal injection of
miR-193a-3p (n=10 mice containing one cell line in each flank) or vehicle (n=5). F)
Representative images of ki67 staining of tumor xenografts of cells expressing /L17RD with
wild type or mutant 3’UTR in mice treated with miR-193a-3p. G) Quantification of K167
staining from tumors consisting of HCT116 cells expressing /L17RD with wild-type 3’UTR.
Mice were treated with miR-193a-3p or vehicle as indicated (n=5/group). H) Tumor volume
by day in tumor xenografts containing HCT116 cells stably transfected with a vector
containing /L17RD and a wildtype 3’UTR treated with intraperitoneal injection of anti-
miR-193a-3p (n=9) or vehicle (n=6).
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