
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Vahid Salimi,
Tehran University of Medical Sciences,
Iran

REVIEWED BY

Xianpeng Liu,
Northwestern University, United States
Eun Jeong Park,
Mie University, Japan

*CORRESPONDENCE

István Nagy
nagyi@baygen.hu

SPECIALTY SECTION

This article was submitted to
Inflammation,
a section of the journal
Frontiers in Immunology

RECEIVED 11 July 2022
ACCEPTED 22 August 2022

PUBLISHED 13 September 2022

CITATION
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Global alteration of colonic
microRNAome landscape
associated with inflammatory
bowel disease
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Inflammatory Bowel Disease (IBD) is characterized by chronic inflammation of

the gastrointestinal tract that associates with, among others, increased risk of

colorectal cancer. There is a growing evidence that miRNAs have important

roles in pathological processes, such as inflammation or carcinogenesis.

Understanding the molecular mechanisms such as alterations in

microRNAome upon chronic intestinal inflammation is critical for

understanding the exact pathomechanism of IBD. Hence, we conducted a

genome wide microRNAome analysis by applying miRNA-Seq in a rat model of

experimental colitis, validated the data by QPCR, examined the expression of a

selection of precursor and mature miRNAs, performed in depth biological

interpretation using Ingenuity Pathway Analysis and tested the obtained results

on samples derived from human patients. We identified specific,

interdependent expression pattern of activator/repressor transcription

factors, miRNAs and their direct targets in the inflamed colon samples.

Particularly, decreased expression of the miR-200 family members (miR-

200a/b/c,-141, and -429) and miR-27b correlates with the reduced level of

their enhancers (HNF1B, E2F1), elevated expression of their repressors (ZEB2,

NFKB1) and increased expression of their target genes (ZEB2, RUNX1).

Moreover, the marked upregulation of six miR-27b target genes (IFI16, GCA,

CYP1B1, RUNX1, MEF2C and MMP13) in the inflamed colon tissues is a possible

direct consequence of the lack of repression due to the downregulated

miRNA-27b expression. Our data indicate that changes in microRNAome are

associated with the pathophysiology of IBD, consequently, microRNAs offer

potential targets for the diagnosis, prognosis and treatment of IBD.

KEYWORDS

Crohn’s disease (CD), ulcerative colitis (UC), inflammatory bowel disease (IBD), non-
coding RNAs, microRNA-seq
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Introduction

Inflammatory Bowel Disease (IBD) is a generic term for

chronic inflammatory conditions of the gastrointestinal (GI)

tract. IBD symptoms, such as abdominal pain, malabsorption,

bloating, diarrhea, bloody stool and fatigue considerably reduce

the quality of patients life (1). The two main types of IBD are

Crohn’s Disease (CD) and Ulcerative Colitis (UC) with broadly

similar pathogenesis, except the location of the involved sections

along the GI tract and the depth of ulcers through the tissue wall

(2). Transmural patchy lesions from the mouth to the rectum are

characteristics of CD while UC is limited to the upper layer of

colon tissue (3, 4). As a multifactorial disorder, genetic,

microbial and environmental factors play a role in the

development of IBD but the exact molecular background and

pathogenesis is still unknown (5–7). The prevalence of IBD is

increasing worldwide emphasizing the importance of novel

diagnostic and therapeutic strategies (8).

The knowledge on non-coding RNAs (ncRNAs) is rapidly

growing including their function(s) in different pathological

conditions, among others IBD (9). microRNAs (miRNAs)

belong to ncRNAs and have an important role in the fine-

tuning of gene expression. These small, 18-21 nucleotide long

single-strand RNA molecules are able to bind the 3’UTR region

of their target messenger RNAs (mRNAs), thereby either

inhibiting their translation into proteins or inducing mRNA

degradation. miRNAs are transcribed from coding or non-

coding regions of the genome as primary precursor miRNA

(pri-miRNA) transcripts. These precursors are translocated

from the nucleus to the cytosol and cleaved by several

enzymes to get the mature, functional miRNA form (10).

miRNA expression is regulated by transcription factors, by

methylation at transcriptional level as well as through miRNA

processing or miRNA stability mechanisms at post-

transcriptional level (11).

The history of miRNAs in human disorders has begun with

the discovery of their function in carcinogenesis (12). Ever since,

many studies reported the correlation between dysregulated

miRNA expression and human disorders e.g. cardiovascular

(13, 14), neurodevelopmental (15, 16) or inflammatory

diseases (17, 18). Until now, the role of miRNAs in IBD was

mostly examined in the context of IBD associated genes and

pathways (19–21). We have recently highlighted the relevance of

miRNAs upon epithelial-to-mesenchymal transition (EMT)

underlying IBD (22). During EMT, epithelial cells disintegrate

cell-cell connections and became motile, invasive mesenchymal-

like cells, a phenomenon that leads to metastasis and

tumorigenesis (23). We have reported the association between

downregulation of selected miRNAs and upregulation of their

target genes in the inflamed colon tissues that may drive EMT

and contribute to the development of IBD-related colorectal

cancer (CRC) (22).
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In this work, we performed miRNA-Seq analysis of an in

vivo rat model of IBD that we interpreted together with our

previous whole transcriptome analysis data (24) to get insight

into the complex regulatory network of transcriptional factors,

miRNAs and their target genes. As model, we used the chemical

irritant 2,4,6-trinitrobenzene sulfonic acid (TNBS) as a well-

established rat model of IBD induction, allowing the analysis of

various pathogenic factors (25). In addition, we examined these

regulatory circuits on samples derived from colon biopsies of

IBD patients and in vitro cell cultures in order to prove the

relevance of the data obtained on rat samples. The presented

data show a specific, interdependent expression pattern of

activator/repressor transcription factors, miRNAs as well as

their direct targets that may have the potential to boost not

just EMT but chronic inflammation in the colon of IBD patients.
Materials and methods

In vivo rat model and sample collection

All procedures were performed in accordance with the

standards of the European Community guidelines for the Care

and Use of Laboratory Animals and were approved by the

Institutional Ethics Committee at the University of Szeged

(XX./4799/2015). To investigate the molecular background of

IBD we used the 2,4,6-trinitrobenzene sulfonic acid (TNBS)

induced rat model of experimental colitis as described previously

(26). Briefly, male Wistar rats (180–220 g) were randomly

divided into two groups: the first group served as control and

the second group was treated with TNBS (colitis-induced) based

on the method described by Morris et al. (27). Following

overnight fasting, animals were challenged with a single dose

of 0.25 mL TNBS (10mg in 0.25ml of 50% ethanol, w/v)

intracolonically with an 8 cm long soft polyethylene tube

through the anus under mild anesthesia (thiopental, i.p. 40

mg/kg). In the case of the control group (n=2), samples were

taken from random colon sections; samples from colitis-induced

animals were taken from inflamed colon region (n=4) as well as

from non-adjacent uninflamed region (n=4). The damage score

and lesion measurement (extents of macroscopically apparent

inflammation, ulceration, and tissue necrosis) were determined

using computerized planimetry as described previously (28). All

samples were kept in TRIzol reagent (Thermo Fisher) at -80°C.
IBD patients

Colonic biopsieswere obtained from21 consentingpatientswith

IBD [13 females and 8 males; median age 41 years, 25-74 years (for

more details see (24)] undergoing colonoscopy for diagnostic

purposes approved by Hungarian Medical Research Council (ETT)
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Medical Research Council’s Committee of Scientific and Research

Ethics (TUKEB) (license number 59-32-PTE2015/IBD) as described

previously (29). Human colonic biopsies were obtained in

accordance with the guidelines set out by the Medical Research

Council of Hungary. Sample collection and classification was

performed according to disease status of patients, active/relapsing

or inactive/remission phase. Furthermore, samples from relapsing

patients were subdivided as uninflamed or inflamed according to the

status of colon tissue. To classify uninflamed from inflamed samples,

macroscopic diagnostic features were used in accordance with the

recommendations of the EuropeanCrohn’s andColitisOrganisation

(30). Multiple samples were obtained both from visible lesions and

from mucosa which is normal on gross inspection. Classically, the

mucosa in UC has a friable granular appearance and shows

superficial ulcers. The earliest visible mucosal lesions of CD are

small aphthous ulcers after which they coalesce to large deep

serpiginous or linear ulcers (24).
Cell culture conditions and stimulations

ThehumanTHP-1monocytic cells andHT-29 colonic epithelial

cells were maintained in RPMI-1640 (Gibco) or DMEM (Gibco)

medium, respectively, supplemented with 10% fetal bovine serum

(FBS; Gibco) and 1% antibiotic/antimycotic solution containing

10,000 units/ml of penicillin, 10,000 µg/ml of streptomycin and 25

µg/ml of Amphotericin B (Gibco). Cells were cultured at 37°C in an

atmosphere of 5% (v/v)CO2 in air. ForTNFa or LPS treatment, cells

were seeded into six-well cell culture plates (Sarstedt) and stimulated

with 1mg/ml LPS (Sigma) or 10 ng/ml TNFa (R&DSystems) for the

indicated time, followed by RNA extraction.
Extraction of total RNA

Samples from rat colons were homogenized in TRIzol

reagent by ULTRA-TURRAX T-18 (IKA) instrument as

described previously (26). 0.1 ml of chloroform (Sigma) was

added to 0.3 ml homogenized sample with vigorous vortexing.

Samples were centrifuged at 13000 rpm for 10 minutes. Total
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RNA was than extracted from the upper aqueous phase. RNeasy

Plus Mini Kit (Qiagen) was used to purify total RNA from rat

colon samples, as well as human THP-1 and HT-29 cells

according to the manufacturer’s protocol. Total RNA from

human biopsies was isolated using NucleoSpin RNA Kit

(Macherey-Nagel) according to the manufacturer’s protocol.

The quality and the quantity of the extracted RNAs were

determined by TapeStation (Agilent) and Qubit Fluorometer

(Thermo Fisher).
Reverse transcription and quantitative
real-time PCR (QPCR)

Reverse transcription was performed by SuperScript VILO

Master Mix (Thermo Fisher) according to the manufacturer’s

instructions. Gene and microRNA expression was measured by

quantitative real-time PCR using the StepOne PCR Systems

(Thermo Fisher). SybrGreen technology based QPCR reactions

were performed by SYBR Select Master Mix (Thermo Fisher)

with specific exon spanning primer sets (Table 1); TaqMan

technology based reactions were performed by TaqMan Fast

Advanced Master Mix and TaqMan Gene Expression Assays

(Thermo Fisher) (Table 2). The ratio of each gene relative to the

18S rRNA was calculated using the 2-DDCT method.

For miRNA detection TaqMan MicroRNA Reverse

Transcription Kit (Thermo Fisher) and TaqMan Universal

PCR Master Mix (Thermo Fisher) were used according to the

manufacturer’s instructions. The specific miRNA assays were

purchased from Thermo Fisher; assay numbers are shown in

Table 2. The ratio of each miRNA relative to the endogenous U6

or RNU48 snRNA for rat or human, respectively, was calculated

using the 2-DDCT method.
miRNA sequencing and
bioinformatic analysis

miRNA-Seq was performed by TruSeq Small RNA Library

Preparation Kit (Illumina), according to the manufacturer’s
TABLE 1 SybrGreen primer sets used in QPCR experiments.

Gene ID Forward (5’- 3’) Reverse (5’- 3’)

PRI-MIR-27B TCACATTGCCAGGGATTACCA AGCTAAGCTCTGCACCTTGTT

PRE-MIR-27B CCTCTCTAACAAGGTGCAGAGC GCAGAACTTAGCCACTGTGAAC

PRE-MIR-223 CGCTCCGTGTATTTGACAAGC TGACAAACTGACACTCTACCACA

E2F1 CTTGAGGGCATCCAGCTCATT GCAATGCTACGAAGGTCCTGA

MMP13 AGGAGCATGGCGACTTCTAC AGACCTAAGGAGTGGCCGAA

RUNX1 CCTCAGGTTTGTCGGTCGAA CTGCCGATGTCTTCGAGGTT

MEF2C CACAGGTGGTCTGATGGGTG CCTGGTGAGTTTCGGGGATT

CYP1B1 AACGTACCGGCCACTATCAC TCACCCATACAAGGCAGACG
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instructions and sequenced on Illumina MiSeq instrument.

Briefly, during 3’ adapter ligation reactions achieved by the T4

RNA Ligase 2 (Deletion Mutant) enzyme, 1 mg total RNA was

used from each rat colon sample. After 5’ adapter ligation by T4

RNA Ligase, reverse transcription was performed by SuperScript

II Reverse Transcriptase (Thermo Fisher), and the constructs

were amplified by PCR. Amplification products were verified on

TapeStation High Sense DNA tape (Agilent). cDNA contracts

were purified and size selected by gel electrophoresis on 6%

Novex TBE gels (Thermo Fisher). To elute the DNA, gel slices

were broken and incubated in elution buffer overnight. Gel

slurry was removed by Ambion Spin Column, and the DNA

was precipitated with isopropanol. Resuspended DNA libraries

were quality checked on TapeStation High Sense DNA tape.

Final libraries were quantified by Qubit (Thermo Fisher) and

sequenced on Illumina MiSeq instrument using the 50-base

sequencing chemistry.

The quality checking and filtering of raw Illumina reads was

carried out by the QC for Sequencing Reads, Trim Reads

modules of CLCBio Genomic Workbench v11.0.1 (Qiagen).

The bioinformatics and statistical analysis of the miRNA

expression was done by the Small RNA Analysis, Annotate

and Merge Counts, Principal Component Analysis and the

Empirical Analysis of DGE modules of the same software.

Sequenced reads were annotated and counted according the

mature Rattus norvegicus miRNA sequence records of the

miRBase Database (Release 22.1). The differential expression

of miRNAs was considered as significant when the abs(fold

change) > 2x and the FDR < 0.05 selection criteria were fulfilled.

The downstream gene network studies were performed by

Ingenuity Pathway Analysis (IPA, Qiagen) software.

Hierarchical clustering and the generation of the heatmap

representation of miRNA expression were done by the

heatmap.2 function of gplot R package.
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Statistical analysis and
data representation

Statistical evaluations were performed using the IBM SPSS

Statistics program for Windows. Graphs were plotted with

GraphPad Prism 6 software. Quantitative data are presented as

the mean ± SEM and the significance of difference between sets

of data was determined by one-way analysis of variance

(ANOVA) following LSD post-hoct test; a p value of less than

0.05 was considered significant.
Results

TNBS-induced colitis alters miRNA
expression profiles

We started by exploring the extent of global pri-miRNA

changes in a rat in vivo model of experimental colitis. To this

end, we analyzed RNA-Seq data of the well-characterized 2,4,6-

trinitrobenzene sulphonic acid (TNBS) induced rat model of

colitis, in which the inflammatory response is due to the

generation of transmural oxidative stress and release of

proinflammatory mediators. Specifically, in our previous study,

we reported that the whole transcriptome analysis of the TNBS

induced rat model of IBD revealed significant differences

between the inflamed and uninflamed colon samples of TNBS

treated rats that associated with the activation of inflammation

and carcinogenesis related canonical signaling pathways (24).

Here, we again used this RNA-Seq dataset (GEO accession

GSE149517) and focused on the expression of pri-miRNAs,

the precursors of miRNAs.

The number of known microRNAs is continuously increasing,

the number of annotated human and rat precursor/mature miRNA

at the time this study was conducted was 1917/2564 and 496/764,

respectively, according to the reference repositorymiRBase release 22

(31). In the TNBS treated rat colons, we identified 28 miRNA

precursors with significantly altered expression in the inflamed

tissues (Figure 1). Notably, 27 out of 28 pri-miRNAs (eg miR-192,

-200b, -375) showed a downregulated expression profile in the

inflamed rat colon samples, with only miR-223 exhibiting an

upregulated expression (Figure 1).

Next, we applied miRNA-Seq approach for two reasons. First,

non-coding RNAs, including miRNAs and their precursors, form a

very small portionof the totalRNAcontentof amammalian cell (32),

hence their detection andquantificationbyRNA-Seqhighly depends

on the sequencing depth and abundance of the pri-miRNA. Second,

pri-miRNAs are processed, first into pre-miRNAs and subsequently

to mature miRNAs, which are known regulators of protein

expression. In light of these, and in order to monitor the global,

unbiased expression profile of functional miRNAs, miRNA-Seq was

conducted from the same input samples we used previously for
TABLE 2 TaqMan assays used in QPCR experiments. Note that due
to high conservation, the miRNA assays are both applicable for rat
and human miRNAs.

Gene ID Assay number

miR-200a-3p tm000502

miR-200b-3p tm002251

miR-200c-3p tm002300

miR-141-3p tm000463

miR-429-3p tm001077

miR-27b-3p tm000409

miR-223-3p tm000526

miR-31-5p tm002279

RNU48 tm001006

U6 tm001973

18S hs99999901_s1
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transcriptome (RNA-Seq) profiling. Next, we performed in silico

principal componentanalysis (PCA)of individual samples tovisually

summarize normalized miRNA expression profiles revealing

similarities and differences between samples. We determined that

TNBS-treated inflamed rat colon samples (n=4) form a close group

that clearly clusters apart from TNBS-treated uninflamed (n=4) as

well as control (n=2) samples (Figure 2A). In addition, heat map

representationof significantly alteredmiRNAsconfirmeddifferences

between inflamed anduninflamed samples of TNBS treated animals,

whereas control and uninflamed samples proved to be very similar at

miRNA expression level (Figure 2B). These data are in perfect

agreement with those previously reported at the global

transcriptome level (24).

We report that 9% (68) of the 764 rat miRNAs are significantly

up- or downregulated in inflamed samples (i.e. show at least a two-

fold change with an FDR-adjusted p-value < 0.05; Figure 2B and

Supplementary Table 1). Interestingly, nearly 65% (44/68) of the

miRNAswithalteredexpression showdecrease in the inflamedcolon

regions. General down-regulation ofmaturemiRNAs as determined

by miRNA-Seq (Figure 2) is in perfect agreement with down-

regulation of pri-miRNAs observed in RNA-Seq experimental

setup (Figure 1).
Correlation between precursor and
mature miRNA expression

We previously reported decreased expression of miR-375,

miR-192, miR-200b, miR-30a and miR-199a in the inflamed

colon regions of TNBS-treated rats and in IBD patients (22, 26,

29). Here we sought to validate the newly established miRNA-

Seq dataset by monitoring the expression of these five miRNAs.

We found a decreased expression pattern (Supplementary

Table 1) of all five miRNAs (miRNA-Seq) that perfectly

resembled the previously reported decreased expression

pattern these miRNAs (QPCR), indicating that the miRNA-

Seq data are of high quality, thus allowing further analysis.

We next sought to assess the extent of the association of RNA-

Seq and miRNA-Seq data with respect to pri-miRNA and mature

miRNA expression. To this end, we examined the correlation
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between the previously performed transcriptome analysis (RNA-

Seq; Figure 1) and miRNA-Seq (Supplementary Table 1) data,

resembling pri-miRNA and mature miRNA expression,

respectively. We determined that the expression change of

numerous miRNAs was detected at both precursor and mature

miRNA level (eg. miR-375, miR-194, miR-192, miR-215, miR-26a,

miR-27b, miR-200b, miR-196c, miR-205 and miR-223). These data

show that the expressionpatternofmaturemiRNAsperfectly follows

that of the precursors. It is important to notice, however, that

miRNA-Seq detected more significantly changed mature

microRNAs. This may be due to 1) the fact that several mature

miRNAs are originating from the very same precursor (eg. the

miRBase contains 496 precursor and 764 mature rat miRNAs) and

2) the limitations of the RNA-Seq technology which seemingly

detected only the most abundant microRNA precursors.
Dysregulated miRNA expression
in inflamed colon may lead to
cancer formation

For the genome-wide (RNA-Seq and miRNA-Seq)

examination of inflammatory processes in the bowel, we used

the 2,4,6-trinitrobenzene sulphonic acid (TNBS) induced rat in

vivomodel of experimental colitis. Here we aimed to validate the

findings made using the murine model on colon biopsies derived

from IBD patients. Both the chemically triggered rat tissues and

the colons of IBD patients are characterized by the alteration of

inflamed and intact regions (24, 26, 29). In order to get a

comprehensive view of processes in these tissues, we

simultaneously examined the expression of miRNAs both in

macroscopically normal (uninflamed) and in inflamed regions.

The expression of several miRNAs, including miR-200b

known to play a role in the epithelial to mesenchymal

transition (EMT), a fundamental process in wound healing as

well as in formation of metastasis (33, 34), is downregulated in

the model of in experimental colitis (26). MiR-200b, along with

miR-200a, -200c, -141 and -429, is a member of the miR-200

family, which forms clusters in the genome. In human, cluster 1

consists of miR-200a/b and -429 and cluster 2 includes miR-
FIGURE 1

Global downregulation was characteristic for the expression of miRNA precursors in the involved colon samples of TNBS induced rat model of
IBD as determined by RNA-Seq. Heat map shows expression alteration of miRNA precursors between control, TNBS treated uninflamed and
TNBS treated inflamed rat colon samples. Values are given in logarithmic scale; red indicates at least 2-fold significant increase (≥ log 1; p <
0.05), blue indicates at least 2-fold significant decrease (≤ log -1; p < 0.05), gray labels non-significant change (p ≥ 0.05) in expression level.
Abbreviations as “UI – C”, “I - C” and “I – UI” represent the TNBS treated – uninflamed (UI) vs. control (C), TNBS-treated – inflamed (I) vs.
control (C) and TNBS treated - inflamed (I) vs. TNBS treated – uninflamed (UI) rat colon sample comparisons.
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200c and -141. To further investigate the possible dysregulation

of the EMT in intestinal inflammation, we next examined the

expression of the miR-200 family. We determined that the

expression of the rat precursor and mature miRNAs belonging

to the miR-200 family (miR-200a/b/c, -141 and -429) strongly

decreased in the inflamed tissues (Figure 1 and Supplementary

Table 1). To further validate these data, we next measured the

expression of mature miRNAs by QPCR and observed perfect

overall correlation with our current miRNA-Seq results both in

the inflamed colons of TNBS treated rats (Figures 3A–E) and,

more importantly, in IBD patients (Figures 3F–J).

MiRNA-Seq identified two other, highly conserved

microRNAs, miR-223 and miR-27b, with significantly altered

expression level (Supplementary Table 1). These miRNAs act

as tumor promoting oncogenes or suppressors, the function

being context- or tissue-dependent (35, 36). In colorectal

cancer (CRC), the expression of miR-27b is downregulated

while the level of miR-223 directly correlates with disease

severity with higher expression associated with more severe

symptoms (36, 37). Here we sought to assess the role of miRNA

dysregulation in CRC formation, both at microRNA biogenesis

and species (rat, human) level. To this end, we first measured

the expression changes of pri-, pre- and mature miR-27b and

identified a significant decrease at all levels in rat samples

(Figure 4A) and a moderate decrease of human miR-27b

(Figures 5A–C). In contrast, the expression of pri- and

mature miR-223 markedly increased in both inflamed rat
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colons (Figure 4B) as well as active inflamed human samples

(Figures 5D, E). This analysis confirmed that the alteration of

miRNA expression occurs already at the precursor level and

that this phenomenon takes place upon both rat and human

colon inflammation.

In addition to miRNAs that significantly changed at

precursor level, we also determined the expression pattern of

miR-31. Similarly to miR-223 and -27b, miR-31 has a dual

function in cancer progression: while in e.g. ovarian, prostate or

gastric cancer it acts as tumor repressor, in CRC tissues its

elevated expression promotes carcinogenesis (38). As revealed

by miRNA-Seq, miR-31 was upregulated in the inflamed rat

colon samples (Supplementary Table 1) that is in concordance

with the elevated expression of miR-31 in the colon biopsies

derived from IBD patients (Figure 5F).

Overall, these findings suggest that an important step in the

development of IBD-related colorectal cancer is the dysregulated

microRNA expression, which is present at all levels (including pri-,

pre- and mature miRNA expression) of microRNA biogenesis.
Interplay between transcription
factors and miRNAs

Transcription factors (TFs) known to play a role in EMT

(e.g. ZEB2, SNAI1) exhibit increased expression in the inflamed

rat and human colon regions which, in turn, is associated with
BA

FIGURE 2

In silico performed PCA of individual miRNA expression data clustered samples into control, TNBS-treated uninflamed and TNBS-treated
inflamed groups, while examination of significantly altered miRNAs confirmed these observations. (A) Principal component analysis (PCA) of
individual rat colon samples and (B) representative heat map image of significantly altered miRNAs in the control (green, n=2), TNBS-treated
uninflamed (orange, n=4), TNBS-treated inflamed (red, n=4) tissues. Heat map contains 68 miRNAs that displayed significant expression change
(white representing missing values). Abbreviations “C”, “UI” and “I” in sample IDs represent control, uninflamed and inflamed sample groups,
respectively.
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the downregulation of their inhibitory miRNAs (e.g. miR-200b,

-192, -375, -143, -30a, -107, -199a and -34a) (22, 26, 29). To

further investigate the parallel expression patterns of

transcription factors and miRNAs in inflamed colon, we
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compared the transcriptome and miRNA expression profiles

in silico. For this, we searched known transcriptional regulators

of the significantly altered miRNAs using the TransmiR database

(39, 40). We primarily focused on those miRNAs for which both
BA

FIGURE 4

Expression changes of precursors and mature miR-27b and miR-223 in the inflamed colons of experimentally induced rat model of IBD. Relative
expression of pri-, pre- and mature miR-27b (A) is shown from control (left columns), uninflamed (middle columns) and inflamed (right
columns) rat colon sections; yellow and gray columns represent RNA-Seq and miRNA-Seq data, while orange, red and black present QPCR
results. On panel (B), relative expression of pri-and mature miR-223 is shown from control (left columns), uninflamed (middle columns) and
inflamed (right columns) rat colon sections; yellow and gray columns represent RNA-Seq and miRNA-Seq data, while black presents QPCR
results. Data are presented as the mean ± SEM; *p<0.05.
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FIGURE 3

Decreased expression of the miR-200 family members in inflamed colons. Relative expressions of pri-miR-200b/200c/429 and mature miR-200b (A),
miR-200a (B), miR-429 (C), and pri-miR-200c/141 and mature miR-200c (D) and miR-141 (E) are shown from control (left columns), uninflamed
(middle columns) and inflamed (right columns) rat colon sections; yellow, gray and black columns represent RNA-Seq (pri-miRNA), miRNA-Seq (mature
miRNA) and QPCR (mature miRNA) data, respectively. Data are presented as the mean ± SEM; *p<0.05. In the bottom (F–J) panels expression changes
of the same microRNAs are shown from inactive (left), active uninflamed (middle) and active inflamed (right) colon samples of IBD patients. Dots
represent individual values, the lines connect uninflamed and inflamed samples from the same IBD patient; *p<0.05.
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the precursor and the mature miRNA exhibited an expression

change (miR-200 family, miR-27b and miR-223) as we

hypothesized that their altered expression may be directly

associated with a given transcription factor. We narrowed the

list to those transcription factors that have experimentally

validated regulatory roles in miRNA expression; furthermore,

listed only those that have altered expression in inflamed colon

as determined by RNA-Seq (Table 3). Consistent with the

hypothesis, we observed a clear correlation between expression

change of TFs and their regulated miRNAs. Namely, decreased

expression of enhancer (e.g. E2F1, HNF1B) and increased

expression of repressor (e.g. NFKB1, ZEB2) TFs associated

with the downregulation of miR-200 family members and

miR-27b. In contrast, elevated miR-223 and miR-31

expression appears to be the consequence of the upregulation

of activator (e.g. CEBPB) and decrease of repressor (e.g. E2F1)

TFs in the inflamed colon.
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The results above show an intimate relation of TF and

miRNA expression in inflamed colon, in which numerous

molecules with altered expression can be grouped into a single

regulatory circuit (Figure 6A). Notably, we identified the miR-

223-E2F1-miR-27b slice of this network as a possible central

node that includes a feed-back loop, inhibitory and enhancing

units. E2F transcription factors have a role in cell cycle

regulation, differentiation and development. Canonical E2F

protein, E2F1 is able to bind miR-27b promoter and induces

miR-27b transcription (49). In contrast, E2F1 and miR-223 form

a feed-back loop, in which E2F1 acts as a transcriptional

repressor of miR-223 which, in turn, inhibits E2F1 translation

(50). In the inflamed colon, upregulation of miR-223 and

downregulation of E2F1 is consistent with the reduced

expression of miR-27b (Figure 6A). Overall, this expression

pattern indicates the potential role of miR-27b target genes in

the regulation of colon inflammation.
B C
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A

FIGURE 5

Expression changes of miR-27b, miR-223 and miR-31 in the inflamed colons of IBD patients. Relative expression of pri- (A), pre- (B) and mature
(C) miR-27b, pre- (D) and mature (E) miR-223 and mature miR-31 (F) is shown from inactive (grey), active uninflamed (orange) and active
inflamed (red) colon samples of IBD patients. Dots represent individual values; data are presented as the mean ± SEM. Lines connect uninflamed
and inflamed samples from the same IBD patient; *p<0.05.
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TABLE 3 Expression changes of miRNAs and their regulator transcription factors in the inflamed colon.

Transcription factor Type of regulation Regulated miRNA Reference

Downregulated transcription factors HNF1B Activation miR-200 family (41, 42)

HNF4A Activation miR-200 family (43)

KLF4 Activation miR-200 family (44)

KLF5 Activation miR-200 family (45)

MYB Activation miR-200 family (46)

GRHL2 Activation miR-200 family (47, 48)

E2F1 Activation miR-27b (49)

E2F1 Repression miR-223 (50)

Upregulated transcription factors ZEB2 Repression miR-200 family (34)

SNAI1 Repression miR-200 family (51)

PELP1 Repression miR-200 family (52)

TGFB1 Repression miR-200 family (53)

NFKB1 Repression miR-200 family (54)

NFKB1 Repression miR-27b (55)

TWIST1 Repression miR-200 family (56)

TWIST1 Activation miR-223 (57)

SPI1 Activation miR-223 (58)

NOTCH1 Activation miR-223 (59)

CEBPB Activation miR-223 (58, 60)

CEBPB Activation miR-31 (61)
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Colour of the text indicates the direction of gene- or miRNA expression alteration, blue: decreased expression, red: increased expression of transcription factors or miRNAs. References
indicate the experimentally validated regulatory effect of transcription factors on the given miRNA/s.
BA

FIGURE 6

Schematic representation of a possible regulatory circuit of transcription factors and microRNAs during colon inflammation. (A) The comparison
of inflamed to uninflamed colon samples identified genes and miRNAs (RNA-Seq (24) and miRNA-Seq (this study), respectively) with altered
expression. (B) Selection of miR-27b targets with altered expression in the inflamed rat colon samples based on RNA-Seq data and IPA
knowledge base. Legend of molecule shapes is available from reference (62).
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Increased expression of miR-27b targets
in inflamed colon

To test this,wenext applied IngenuityPathwayAnalysis (IPA) to

identify mRNAs that may be affected by this regulatory circuit. We

focusedonmiR-27b targetswhichexhibited alteredexpression, again

limiting hits to the experimentally validated connections (Figure 6B).

We identified seven miR-27b targets with altered expression, yet

excludedPmaip1 (Phorbol-12-myristate-13-acetate-inducedprotein

1, alsoknownasNOXA) from further analysis because its interaction

with miR-27b is indirect according to Ingenuity Knowledge Base.

IFI16 (interferon gamma inducible protein 16) is an

intracellular DNA sensor that regulates interferon expression,

thereby playing a role in innate immune responses (63). Its

pathological expression has been reported from colons of IBD

patients where, as a target of autoantibodies, it triggers the

malfunction of immune homeostasis (64). Similarly, GCA

(grancalcin) induces interferon production by the interaction

with TLR9 (Toll-like Receptor 9); in addition, it plays a role in

autophagy regulation (65, 66). CYP1B1 (cytochrome P450

family 1 subfamily B member 1) enzyme is a member of the

cytochrome P450 (CYP450) family that plays a role in the

conversion of procarcinogens to carcinogens, in addition, it is

involved in the process of CRC progression (67). RUNX1 (Runt-

related transcription factor 1) also acts as an oncogene in

epithelial tumors; it induces CRC metastasis through the Wnt/

b-catenin and EMT pathway activation (68). Transcription

factor MEF2C (Myocyte Enhancer Factor-2 C) regulates B-

and T-cell development, has an oncogenic function in acute

myeloid leukemia and its upregulation is directly associated

with CRC progression (69). Finally, MMP13 (matrix

metallopeptidase 13) is a collagenase that takes part in the

activation of inactive TNFa (tumor necrosis factor alpha), a

crucial cytokine in IBD pathogenesis and therapy (70).

Since all six genes were upregulated in the inflamed colon of

TNBS induced rats (Figure 6B), we next examined the expression of

CYP1B1, RUNX1, MEF2C and MMP13 (71–74) in the colon
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samples of IBD patients. We observed a marked upregulation in

the inflamed colon tissues of all four genes (Figure 7),whichmaybe a

direct consequenceof the lackof repressiondue to thedownregulated

miRNA-27b expression (Figure 5C).
Dysregulated miR-223, miR-27b, E2F1
and MM13 expression may originate from
different cell types

Finally, we asked whether the global expression changes we

detected in colon tissues indeed originate from different cell types.

Importantly,miR-223 is the predominant cargo ofmicrovesicles and

exosomes in peripheral blood and neutrophil-derived extracellular

vesicles; furthermore, polymorphonuclear leukocytes are able to

transfer miR-223 containing cargo to alveolar-epithelial cells (35).

Therefore,wehypothesized that someof the genes andmiRNAswith

altered expression in inflamed colon tissues are cell type specific

alterations of molecules which exhibit their effects on a different

cell type.

To test this hypothesis, we examined the miR-223-E2F1-miR-

27b regulatory node - for which direct relationship between the

molecules has been previously demonstrated (49, 50, 74) - by

monitoring the expression pattern of the members using in vitro

cell cultures. Since Caco-2, HT29 and THP-1 cell are well known

human-derived in vitromodels of IBD (75)we used these cell lines in

our further experiments. miRNAs often have cell type specific

manifestation, such as the expression pattern of miR-223 which is

primarily expressed bymyeloid cells (76, 77). Importantly, the initial

source of miR-223 in inflamed colon tissue of DSS-induced colitis is

frominfiltratingneutrophils andmonocytes (78). In linewith this,we

could not detect miR-223 expression either in untreated or in TNFa
activated HT-29 colonic epithelial cells. Hence, we used THP-1

leukemia monocytic cells and stimulated them with

lipopolysaccharide (LPS) to monitor the inducibility of miR-223.

While 6hofLPS inductionhadnoeffect onmiR-223expression, 24h

of LPS stimulation significantly increased its expression (Figure 8A).
B C DA

FIGURE 7

Increased expression of miR-27b targets in the inflamed human colon samples. Relative expression of MMP13 (A), RUNX1 (B), MEF2C (C) and
CYP1B1 (D) is shown from inactive (left), active uninflamed (middle) and active inflamed (right) colon samples of IBD patients. Dots represent
individual values, and the lines connect uninflamed and inflamed samples from the same IBD patient; *p<0.05.
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Since we could not detect miR-27b expression neither in

unstimulated nor in LPS stimulated Caco-2 cells (data not shown),

we next activatedHT-29 colonic epithelial cells with TNFa tomimic

an inflammatory environment. We detected significantly decreased

expression of both miR-27b and its transcriptional activator E2F1

(Figures 8 B, C). As a consequence of the possible deregulation, the

mRNA level of the miR-27b target MMP13 was markedly

upregulated (Figure 8D).

Collectively, these results suggest that while cell-type specific

differences in miRNA pattern exist between various gut

components both in human patients and chemically induced

colitis in rat, cellular or soluble cytokine-mediated interactions

during inflammation may further modulate the miRNA

expression profiles in IBD.
Discussion

According to Kaplan andWindsor, the global evolution of IBD

stepped into the stage of “CompoundingPrevalence” in the countries

of theWestern world andmay reach “Prevalence Equilibrium” stage

in 30years (79). In industrialized countries of theWesternworld IBD

prevalence increased from0.5%to0.75%between2010 to2020and is

projected to reach 1% by 2030 (79). Although the incidence range of

IBD is stabilizing in the Western countries (12-26 per 100,000

person), new cases raise the prevalence because of the low

mortality (79). These trends highlight the importance of exploring

novel targets and therapeutic strategies to support the health-care

system in tackling the upcoming burden.

MicroRNAsare consideredcentral regulatorsof geneexpression,

and miRNA expression may be predictive of underlying molecular

mechanisms in complex diseases such as IBD. Dextran sodium

sulfate (DSS)- and TNBS-induced colitis are widely used as rodent

IBD models (80). Inflammation in DSS seems to be caused by

hyperosmotic damage and is confined to the mucosa and lamina

propria, in contrast to the TNBS-model where inflammation is
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hapten-mediated and transmural, therefore the pathological tissue

lesionsaremore closely reminiscent to thehumanconditions.Hence,

we used the rat model of experimental colitis and analyzed the

biogenesis and expression pattern of miRNAs, comparing it to gene

expression alterations. As miRNAs exhibit variable expression

between species and distinct cell types, we also used samples from

IBDpatients andhumancells, inorder toprovidegreater significance

to our findings.

By using an integrated analysis of RNA-Seq andmicroRNA-Seq

we depicted miRNA-mRNA networks involved in IBD formation/

maintenance. We identified a specific, interdependent expression

pattern of activator/repressor transcription factors, miRNAs and

miRNA targets with a potential to boost not only epithelial to

mesenchymal transition but also chronic inflammation and

carcinogenesis in the colon of IBD patients. Notably, there is a

clear correlation between expression change of TFs and their

regulated miRNAs. Decreased expression of enhancer (e.g. E2F1,

HNF1B) and increased expression of repressor (e.g. NFKB1, ZEB2)

TFswasassociatedwith thedownregulationof allfivemembersof the

human miR-200 family (miR-200a, miR-200b, miR-200c, miR-429,

andmiR-141) andmiR-27b. In contrast, elevatedmiR-223 andmiR-

31 expression appears to be the consequence of the upregulation of

activator (e.g. CEBPB) and decrease of repressor (e.g. E2F1) TFs in

the inflamed colon.

miRNAs are potential biomarkers for the diagnosis and

prognosis of IBD-associated CRC ( (81) and references within). 21

out of the 68miRNAs forwhichwedetected altered expression in rat

model of colitis are shared by UC-CRC (5 miRNAs), CD-CRC (5

miRNAs) or IBD-CRC (11 miRNAs). Our study revealed altered

expression for someof themost studiedmiRNAs in colitis associated

colorectal cancer (e.g. miR-21, -31, -214 and -223), all upregulated

which is concordantwithprevious reports (82). Importantly,miR-31

has been highlighted as a novel biomarker for neoplastic progression

in ulcerative colitis (83). The identification of miRNAs as diagnostic

biomarkers can revolutionize the screening of IBD patients with the

aim to identify those that are at high risk for tumor development.
B C DA

FIGURE 8

Coherent expression changes of miRNAs, miRNA targets and regulating transcription factors in LPS treated THP-1 cells and TNFa triggered HT-
29 colonic epithelial cells. Relative expression of miR-223 (A) in LPS treated THP-1 cells, and E2F1 (B), miR-27b (C) and MMP13 (D) in TNFa
activated HT-29 cells. Data are presented as the mean ± SEM (n=3);*p<0.05.
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Abnormal overexpression of the pro-inflammatory cytokine

TNFa plays a central role in the development of inflammatory

diseases, among others IBD, hence TNFa is a common target of IBD

therapies. TNFa is stored as inactive pro-TNFa until it is converted

to active form by matrix metalloproteinases, such as MMP13 (70).

Both in the inflamed colon samples of TNBS treated rats as well as in

IBD patients, elevated expression of TNFa (24) is associated with

markedly increasedMMP13 expression. The significantly decreased

expression of miR-27b, a posttranscriptional regulator of MMP13

(74)may, at least inpart, causeMMP13upregulation, and - indirectly

- increase of TNFa.
Colon tissue is composedof over 100different cell types and their

various developmental stages as defined by scRNA-seq (84). These

cells differently contribute to the maintenance of mucosal

homeostasis or to the regulation of immune response. One of the

miRNAs markedly upregulated in inflamed colon is miR-233, a

known cargo of microvesicles and exosomes of peripheral blood.

Since leukocytes are able to transfer miR-223 containing cargo to

alveolar-epithelial cells it is reasonable to propose that, in inflamed

colonof IBDpatients,myeloid immunecellsmayexert a similar effect

on colonic epithelial cells through miR-233. Our data supports this

hypothesis: through the miR-233/E2F1/miR-27b/MMP13

regulatory axis (Figure 6B) monocyte-derived miR-233 may result

in MMP13 (and possibly other factors’) upregulation (Figure 8).

In conclusion, our data together with published findings

indicate that changes in microRNAome are associated with the

pathophysiology of IBD, consequently, microRNAs are potential

targets for the diagnosis, prognosis and treatment of IBD.
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Authors ÉB and IN were employed by Seqomics

Biotechnology Ltd.

The remaining authors declare that the research was conducted

in the absenceof any commercial orfinancial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.991346/full#supplementary-material
frontiersin.org

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.991346/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.991346/full#supplementary-material
https://doi.org/10.3389/fimmu.2022.991346
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Boros et al. 10.3389/fimmu.2022.991346
References
1. Podolsky DK. Inflammatory bowel disease (1).N. Engl J Med (1991) 325:928–
37. doi: 10.1056/NEJM199109263251306

2. Khor B, Gardet A, Xavier RJ. Genetics and pathogenesis of inflammatory
bowel disease. Nature (2011) 474:307–17. doi: 10.1038/nature10209

3. Kobayashi T, Siegmund B, Le Berre C, Wei SC, Ferrante M, Shen B, et al.
Ulcerative colitis.Nat Rev Dis Primers (2020) 6:74. doi: 10.1038/s41572-020-0205-x

4. Roda G, Chien NGS, Kotze PG, Argollo M, Panaccione R, Spinelli A, et al.
Crohn’s disease. Nat Rev Dis Primers (2020) 6:22. doi: 10.1038/s41572-020-0156-2

5. Jostins L, Ripke S, Weersma RK, Duerr RH, Mcgovern DP, Hui KY, et al.
Host-microbe interactions have shaped the genetic architecture of inflammatory
bowel disease. Nature (2012) 491:119–24. doi: 10.1038/nature11582

6. Ek WE, D’amato M, halfvarson J. The history of genetics in inflammatory
bowel disease. Ann Gastroenterol (2014) 27:294–303.

7. Abegunde AT, Muhammad BH, Bhatti O, Ali T. Environmental risk factors
for inflammatory bowel diseases: Evidence based literature review. World J
Gastroenterol (2016) 22:6296–317. doi: 10.3748/wjg.v22.i27.6296

8. Burisch J, Munkholm P. The epidemiology of inflammatory bowel disease.
Scand J Gastroenterol (2015) 50:942–51. doi: 10.3109/00365521.2015.1014407

9. Yarani R, Mirza AH, Kaur S, Pociot F. The emerging role of lncRNAs in
inflammatory bowel disease. Exp Mol Med (2018) 50:1–14. doi: 10.1038/s12276-
018-0188-9

10. bartel DP. MicroRNAs: Genomics, biogenesis, mechanism, and function.
Cell (2004) 116:281–97. doi: 10.1016/S0092-8674(04)00045-5

11. Gulyaeva LF, Kushlinskiy NE. Regulatory mechanisms of microRNA
expression. J Transl Med (2016) 14:143. doi: 10.1186/s12967-016-0893-x

12. Orellana EA, Kasinski AL. MicroRNAs in cancer: A historical perspective on
the path from discovery to therapy. Cancers (Basel). (2015) 7:1388–405. doi:
10.3390/cancers7030842

13. Liu L, Zhang J, Wu M, Xu H. Identification of key miRNAs and mRNAs
related to coronary artery disease by meta-analysis. BMC Cardiovasc Disord (2021)
21:443. doi: 10.1186/s12872-021-02211-2

14. Neiburga KD, Vilne B, Bauer S, Bongiovanni D, Ziegler T, Lachmann M,
et al. Vascular tissue specific miRNA profiles reveal novel correlations with risk
factors in coronary artery disease. Biomolecules (2021) 11:1683. doi: 10.3390/
biom11111683

15. Ying S, Heung T, Zhang Z, Yuen RKC, Bassett AS. Schizophrenia risk
mediated by microRNA target genes overlapped by genome-wide rare copy
number variation in 22q11.2 deletion syndrome. Front Genet (2022) 13:812183.
doi: 10.3389/fgene.2022.812183

16. Gan C, Jin Z, Hu G, Li Z, Yan M. Integrated analysis of miRNA and mRNA
expression profiles reveals themolecularmechanism of posttraumatic stress disorder and
therapeutic drugs. Int J Gen Med (2022) 15:2669–80. doi: 10.2147/IJGM.S334877

17. Emmi G, Bagni G, Lastraioli E, Di Patti F, Bettiol A, Fiorillo C, et al. A
unique circulating miRNA profile highlights thrombo-inflammation in behcet’s
syndrome. Ann Rheum. Dis (2022) 81:386–97. doi: 10.1136/annrheumdis-2021-
220859

18. Wu LF, Zhang Q, Mo XB, Lin J, Wu YL, Lu X, et al. Identification of novel
rheumatoid arthritis-associated MiRNA-204-5p from plasma exosomes. Exp Mol
Med (2022) 54:334–45. doi: 10.1038/s12276-022-00751-x

19. Roy S, Ghosh S, Banerjee M, Laha S, Bhattacharjee D, Sarkar R, et al. A
combination of circulating microRNA-375-3p and chemokines CCL11, CXCL12,
and G-CSF differentiate crohn’s disease and intestinal tuberculosis. Sci Rep (2021)
11:23303. doi: 10.1038/s41598-021-02383-z

20. Nguyen TB, Do DN, Nguyen TTP, Nguyen TL, Nguyen-Thanh T, Nguyen
HT. Immune-related biomarkers shared by inflammatory bowel disease and liver
cancer. PloS One (2022) 17:e0267358. doi: 10.1371/journal.pone.0267358

21. Batra SK, Heier CR, Diaz-Calderon L, Tully CB, Fiorillo AA, Van Den
Anker J, et al. Serum miRNAs are pharmacodynamic biomarkers associated with
therapeutic response in pediatric inflammatory bowel disease. Inflammation Bowel.
Dis (2020) 26:1597–606. doi: 10.1093/ibd/izaa209

22. Boros E, Nagy I. The role of MicroRNAs upon epithelial-to-Mesenchymal
transition in inflammatory bowel disease. Cells (2019) 8(11):1461. doi: 10.3390/
cells8111461

23. Thiery JP, Acloque H, Huang RY, Nieto MA. Epithelial-mesenchymal
transitions in development and disease. Cell (2009) 139:871–90. doi: 10.1016/
j.cell.2009.11.007

24. Boros E, Prontvai B, Kellermayer Z, Balogh P, Sarlos P, Vincze A, et al.
Transcriptome based profiling of the immune cell gene signature in rat
Frontiers in Immunology 13
experimental colitis and human IBD tissue samples. Biomolecules (2020) 10
(7):974. doi: 10.3390/biom10070974

25. Antoniou E, Margonis GA, Angelou A, Pikouli A, Argiri P, Karavokyros I,
et al. The TNBS-induced colitis animal model: An overview. Ann Med Surg (Lond).
(2016) 11:9–15. doi: 10.1016/j.amsu.2016.07.019

26. Boros E, Csatari M, Varga C, Balint B, Nagy I. Specific gene- and
MicroRNA-expression pattern contributes to the epithelial to mesenchymal
transition in a rat model of experimental colitis. Mediators Inflammation (2017)
2017:5257378. doi: 10.1155/2017/5257378

27. Morris GP, Beck PL, Herridge MS, Depew WT, Szewczuk MR, Wallace JL.
Hapten-induced model of chronic inflammation and ulceration in the rat colon.
Gastroenterology (1989) 96:795–803. doi: 10.1016/S0016-5085(89)80079-4

28. Szalai Z, Szasz A, Nagy I, Puskas LG, Kupai K, Kiraly A, et al. Anti-
inflammatory effect of recreational exercise in TNBS-induced colitis in rats: Role of
NOS/HO/MPO system. Oxid Med Cell Longev. (2014) 2014:925981. doi: 10.1155/
2014/925981

29. Boros E, Kellermayer Z, Balogh P, Strifler G, Voros A, Sarlos P, et al.
Elevated expression of AXL may contribute to the epithelial-to-Mesenchymal
transition in inflammatory bowel disease patients. Mediators Inflammation
(2018) 2018:3241406. doi: 10.1155/2018/3241406

30. Magro F, Langner C, Driessen A, Ensari A, Geboes K, Mantzaris GJ, et al.
European Consensus on the histopathology of inflammatory bowel disease. J
Crohns. Colitis. (2013) 7:827–51. doi: 10.1016/j.crohns.2013.06.001

31. Kozomara A, Birgaoanu M, Griffiths-Jones S. miRBase: from microRNA
sequences to function. Nucleic Acids Res (2019) 47:D155–62. doi: 10.1093/nar/
gky1141

32. Palazzo AF, Lee ES. Non-coding RNA: What is functional and what is junk?
Front Genet (2015) 6. doi: 10.3389/fgene.2015.00002

33. Yang J, Antin P, Berx G, Blanpain C, Brabletz T, Bronner M, et al.
Guidelines and definitions for research on epithelial-mesenchymal transition.
Nat Rev Mol Cell Biol (2020) 21:341–52. doi: 10.1038/s41580-020-0237-9

34. Bracken CP, Gregory PA, Kolesnikoff N, Bert AG, Wang J, Shannon MF,
et al. A double-negative feedback loop between ZEB1-SIP1 and the microRNA-200
family regulates epithelial-mesenchymal transition. Cancer Res (2008) 68:7846–54.
doi: 10.1158/0008-5472.CAN-08-1942

35. Jeffries J, Zhou WQ, Hsu AY, Deng Q. miRNA-223 at the crossroads of
inflammation and cancer. Cancer Lett (2019) 451:136–41. doi: 10.1016/
j.canlet.2019.02.051

36. Ding L, Ni J, Yang F, Huang L, Deng H, Wu Y, et al. Promising therapeutic
role of miR-27b in tumor. Tumour. Biol (2017) 39:1010428317691657. doi:
10.1177/1010428317691657

37. Zhang JF, Luo X, Li HM, Yue XP, Deng L, Cui YY, et al. MicroRNA-223
functions as an oncogene in human colorectal cancer cells. Oncol Rep (2014)
32:115–20. doi: 10.3892/or.2014.3173

38. Yu T, Ma P, Wu DQ, Shu YQ, Gao W. Functions and mechanisms of
microRNA-31 in human cancers. Biomed. Pharmacother. (2018) 108:1162–9. doi:
10.1016/j.biopha.2018.09.132

39. Tong Z, Cui Q, Wang J, Zhou Y. TransmiR v2.0: an updated transcription
factor-microRNA regulation database. Nucleic Acids Res (2019) 47:D253–8. doi:
10.1093/nar/gky1023

40. Wang J, Lu M, Qiu C, Cui Q. TransmiR: a transcription factor-microRNA
regulation database. Nucleic Acids Res (2010) 38:D119–22. doi: 10.1093/nar/gkp803

41. Hajarnis SS, Patel V, Aboudehen K, Attanasio M, Cobo-Stark P, Pontoglio
M, et al. Transcription factor hepatocyte nuclear factor-1beta (HNF-1beta)
regulates MicroRNA-200 expression through a long noncoding RNA. J Biol
Chem (2015) 290:24793–805. doi: 10.1074/jbc.M115.670646

42. Wang Y, Wei C, Yang Y, Luo A, Zhang X, Zheng D, et al. Hepatocyte
nuclear factor-1beta suppresses the stemness and migration of colorectal cancer
cells through promoting miR-200b activity. Mol Carcinog. (2020) 59:989–99. doi:
10.1002/mc.23229

43. Garibaldi F, Cicchini C, Conigliaro A, Santangelo L, Cozzolino AM, Grassi
G, et al. An epistatic mini-circuitry between the transcription factors snail and
HNF4alpha controls liver stem cell and hepatocyte features exhorting opposite
regulation on stemness-inhibiting microRNAs. Cell Death Differ. (2012) 19:937–46.
doi: 10.1038/cdd.2011.175

44. Liu M, Hu C, Xu Q, Chen L, Ma K, Xu N, et al. Methylseleninic acid
activates Keap1/Nrf2 pathway via up-regulating miR-200a in human oesophageal
squamous cell carcinoma cells. Biosci Rep (2015) 35(5):e00256. doi: 10.1042/
BSR20150092
frontiersin.org

https://doi.org/10.1056/NEJM199109263251306
https://doi.org/10.1038/nature10209
https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.1038/s41572-020-0156-2
https://doi.org/10.1038/nature11582
https://doi.org/10.3748/wjg.v22.i27.6296
https://doi.org/10.3109/00365521.2015.1014407
https://doi.org/10.1038/s12276-018-0188-9
https://doi.org/10.1038/s12276-018-0188-9
https://doi.org/10.1016/S0092-8674(04)00045-5
https://doi.org/10.1186/s12967-016-0893-x
https://doi.org/10.3390/cancers7030842
https://doi.org/10.1186/s12872-021-02211-2
https://doi.org/10.3390/biom11111683
https://doi.org/10.3390/biom11111683
https://doi.org/10.3389/fgene.2022.812183
https://doi.org/10.2147/IJGM.S334877
https://doi.org/10.1136/annrheumdis-2021-220859
https://doi.org/10.1136/annrheumdis-2021-220859
https://doi.org/10.1038/s12276-022-00751-x
https://doi.org/10.1038/s41598-021-02383-z
https://doi.org/10.1371/journal.pone.0267358
https://doi.org/10.1093/ibd/izaa209
https://doi.org/10.3390/cells8111461
https://doi.org/10.3390/cells8111461
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.1016/j.cell.2009.11.007
https://doi.org/10.3390/biom10070974
https://doi.org/10.1016/j.amsu.2016.07.019
https://doi.org/10.1155/2017/5257378
https://doi.org/10.1016/S0016-5085(89)80079-4
https://doi.org/10.1155/2014/925981
https://doi.org/10.1155/2014/925981
https://doi.org/10.1155/2018/3241406
https://doi.org/10.1016/j.crohns.2013.06.001
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.1093/nar/gky1141
https://doi.org/10.3389/fgene.2015.00002
https://doi.org/10.1038/s41580-020-0237-9
https://doi.org/10.1158/0008-5472.CAN-08-1942
https://doi.org/10.1016/j.canlet.2019.02.051
https://doi.org/10.1016/j.canlet.2019.02.051
https://doi.org/ 10.1177/1010428317691657
https://doi.org/10.3892/or.2014.3173
https://doi.org/10.1016/j.biopha.2018.09.132
https://doi.org/   10.1093/nar/gky1023
https://doi.org/10.1093/nar/gkp803
https://doi.org/10.1074/jbc.M115.670646
https://doi.org/10.1002/mc.23229
https://doi.org/10.1038/cdd.2011.175
https://doi.org/10.1042/BSR20150092
https://doi.org/10.1042/BSR20150092
https://doi.org/10.3389/fimmu.2022.991346
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Boros et al. 10.3389/fimmu.2022.991346
45. Zhang B, Zhang Z, Xia S, Xing C, Ci X, Li X, et al. KLF5 activates microRNA
200 transcription to maintain epithelial characteristics and prevent induced
epithelial-mesenchymal transition in epithelial cells. Mol Cell Biol (2013)
33:4919–35. doi: 10.1128/MCB.00787-13

46. Pieraccioli M, Imbastari F, Antonov A, Melino G, Raschella G. Activation of
miR200 by c-myb depends on ZEB1 expression and miR200 promoter
methylation. Cell Cycle (2013) 12:2309–20. doi: 10.4161/cc.25405

47. Chung VY, Tan TZ, Tan M, Wong MK, Kuay KT, Yang Z, et al. GRHL2-
miR-200-ZEB1 maintains the epithelial status of ovarian cancer through
transcriptional regulation and histone modification. Sci Rep (2016) 6:19943. doi:
10.1038/srep19943

48. Chen W, Yi JK, Shimane T, Mehrazarin S, Lin YL, Shin KH, et al.
Grainyhead-like 2 regulates epithelial plasticity and stemness in oral cancer cells.
Carcinogenesis (2016) 37:500–10. doi: 10.1093/carcin/bgw027

49. Mitxelena J, Apraiz A, Vallejo-Rodriguez J, Malumbres M, Zubiaga AM.
E2F7 regulates transcription and maturation of multiple microRNAs to restrain cell
proliferation. Nucleic Acids Res (2016) 44:5557–70. doi: 10.1093/nar/gkw146

50. Pulikkan JA, Dengler V, Peramangalam PS, Peer Zada AA, Muller-Tidow C,
Bohlander SK, et al. Cell-cycle regulator E2F1 and microRNA-223 comprise an
autoregulatory negative feedback loop in acute myeloid leukemia. Blood (2010)
115:1768–78. doi: 10.1182/blood-2009-08-240101

51. Diaz-Lopez A, Diaz-Martin J, Moreno-Bueno G, Cuevas EP, Santos V,
Olmeda D, et al. Zeb1 and Snail1 engage miR-200f transcriptional and epigenetic
regulation during EMT. Int J Cancer (2015) 136:E62–73. doi: 10.1002/ijc.29177

52. Roy SS, Gonugunta VK, Bandyopadhyay A, Rao MK, Goodall GJ, Sun LZ,
et al. Significance of PELP1/HDAC2/miR-200 regulatory network in EMT and
metastasis of breast cancer. Oncogene (2014) 33:3707–16. doi: 10.1038/
onc.2013.332

53. Katoh Y, Katoh M. Hedgehog signaling, epithelial-to-mesenchymal
transition and miRNA (review). Int J Mol Med (2008) 22:271–5.

54. Baud J, Varon C, Chabas S, Chambonnier L, Darfeuille F, Staedel C.
Helicobacter pylori initiates a mesenchymal transition through ZEB1 in gastric
epithelial cells. PloS One (2013) 8:e60315. doi: 10.1371/journal.pone.0060315

55. Zhu S, PanW, Song X, Liu Y, Shao X, Tang Y, et al. The microRNAmiR-23b
suppresses IL-17-associated autoimmune inflammation by targeting TAB2, TAB3
and IKK-alpha. Nat Med (2012) 18:1077–86. doi: 10.1038/nm.2815

56. Wiklund ED, Bramsen JB, Hulf T, Dyrskjot L, Ramanathan R, Hansen TB,
et al. Coordinated epigenetic repression of the miR-200 family and miR-205 in
invasive bladder cancer. Int J Cancer (2011) 128:1327–34. doi: 10.1002/ijc.25461

57. Li X, Zhang Y, Zhang H, Liu X, Gong T, Li M, et al. miRNA-223 promotes
gastric cancer invasion and metastasis by targeting tumor suppressor EPB41L3.
Mol Cancer Res (2011) 9:824–33. doi: 10.1158/1541-7786.MCR-10-0529

58. Fukao T, Fukuda Y, Kiga K, Sharif J, Hino K, Enomoto Y, et al. An
evolutionarily conserved mechanism for microRNA-223 expression revealed by
microRNA gene profiling. Cell (2007) 129:617–31. doi: 10.1016/j.cell.2007.02.048

59. Kumar V, Palermo R, Talora C, Campese AF, Checquolo S, Bellavia D, et al.
Notch and NF-kB signaling pathways regulate miR-223/FBXW7 axis in T-cell
acute lymphoblastic leukemia. Leukemia (2014) 28:2324–35. doi: 10.1038/
leu.2014.133

60. Sun D, Wang C, Long S, Ma Y, Guo Y, Huang Z, et al. C/EBP-beta-activated
microRNA-223 promotes tumour growth through targeting RASA1 in human
colorectal cancer. Br J Cancer (2015) 112:1491–500. doi: 10.1038/bjc.2015.107

61. Lu WC, Kao SY, Yang CC, Tu HF, Wu CH, Chang KW, et al. EGF up-
regulates miR-31 through the C/EBPbeta signal cascade in oral carcinoma. PloS
One (2014) 9:e108049. doi: 10.1371/journal.pone.0108049

62. Kumar H, Lund R, Laiho A, Lundelin K, Ley RE, Isolauri E, et al. Gut
microbiota as an epigenetic regulator: Pilot study based on whole-genome
methylation analysis. mBio (2014) 5(6):e02113–14. doi: 10.1128/mBio.02113-14

63. Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, et al.
IFI16 is an innate immune sensor for intracellular DNA. Nat Immunol (2010)
11:997–U42. doi: 10.1038/ni.1932

64. Caneparo V, Pastorelli L, Pisani LF, Bruni B, Prodam F, Boldorini R, et al.
Distinct anti-IFI16 and anti-GP2 antibodies in inflammatory bowel disease and
their variation with infliximab therapy. Inflamm. Bowel. Dis (2016) 22:2977–87.
doi: 10.1097/MIB.0000000000000926

65. Kim TW, Hong S, Talukder AH, PASCUAL V, LIU YJ. Grancalcin (GCA)
modulates toll-like receptor 9 (TLR9) mediated signaling through its direct
Frontiers in Immunology 14
interaction with TLR9. Eur J Immunol (2016) 46:712–24. doi: 10.1002/
eji.201545567

66. Han SH, Korm S, Han YG, Choi SY, Kim SH, Chung HJ, et al. GCA links
TRAF6-ULK1-dependent autophagy activation in resistant chronic myeloid
leukemia. Autophagy (2019) 15:2076–90. doi: 10.1080/15548627.2019.1596492

67. Stipp MC, Acco A. Involvement of cytochrome P450 enzymes in
inflammation and cancer: A review. Cancer Chemother Pharmacol (2020). doi:
10.1007/s00280-020-04181-2

68. Li Q, Lai Q, He C, Fang Y, Yan Q, Zhang Y, et al. RUNX1 promotes tumour
metastasis by activating the wnt/beta-catenin signalling pathway and EMT in
colorectal cancer. J Exp Clin Cancer Res (2019) 38:334. doi: 10.1186/s13046-019-
1330-9

69. Di Giorgio E, Hancock WW, Brancolini C. MEF2 and the tumorigenic
process, hic sunt leones. Biochim Biophys Acta Rev Cancer (2018) 1870:261–73. doi:
10.1016/j.bbcan.2018.05.007

70. Vandenbroucke RE, Dejonckheere E, Van Hauwermeiren F, Lodens S, De
Rycke R, Van Wonterghem E, et al. Matrix metalloproteinase 13 modulates
intestinal epithelial barrier integrity in inflammatory diseases by activating TNF.
EMBO Mol Med (2013) 5:1000–16. doi: 10.1002/emmm.201202100

71. Patel SA, Bhambra U, Charalambous MP, David RM, Edwards RJ, Lightfoot
T, et al. Interleukin-6 mediated upregulation of CYP1B1 and CYP2E1 in colorectal
cancer involves DNA methylation, miR27b and STAT3. Br J Cancer (2014)
111:2287–96. doi: 10.1038/bjc.2014.540

72. Zhao X, Song X, Bai X, Fei N, Huang Y, Zhao Z, et al. miR-27b attenuates
apoptosis induced by transmissible gastroenteritis virus (TGEV) infection via
targeting runt-related transcription factor 1 (RUNX1). PeerJ (2016) 4:e1635. doi:
10.7717/peerj.1635

73. Chinchilla A, Lozano E, Daimi H, Esteban FJ, Crist C, Aranega AE, et al.
MicroRNA profiling during mouse ventricular maturation: A role for miR-27
modulating Mef2c expression. Cardiovasc Res (2011) 89:98–108. doi: 10.1093/cvr/
cvq264

74. Akhtar N, Rasheed Z, Ramamurthy S, Anbazhagan AN, Voss FR, Haqqi
TM. MicroRNA-27b regulates the expression of matrix metalloproteinase 13 in
human osteoarthritis chondrocytes. Arthritis Rheum. (2010) 62:1361–71. doi:
10.1002/art.27329

75. Joshi A, Soni A, Acharya S. In vitro models and ex vivo systems used in
inflammatory bowel disease. In. Vitro Models (2022) 1:213–27. doi: 10.1007/
s44164-022-00017-w

76. Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs modulate hematopoietic
lineage differentiation. Science (2004) 303:83–6. doi: 10.1126/science.1091903

77. Johnnidis JB, Harris MH, Wheeler RT, Stehling-Sun S, Lam MH, Kirak O,
et al. Regulation of progenitor cell proliferation and granulocyte function by
microRNA-223. Nature (2008) 451:1125–9. doi: 10.1038/nature06607

78. Neudecker V, Haneklaus M, Jensen O, Khailova L, Masterson JC, Tye H,
et al. Myeloid-derived miR-223 regulates intestinal inflammation via repression of
the NLRP3 inflammasome. J Exp Med (2017) 214:1737–52. doi: 10.1084/
jem.20160462

79. Kaplan GG, windsor JW. The four epidemiological stages in the global
evolution of inflammatory bowel disease. Nat Rev Gastroenterol Hepatol. (2020).
doi: 10.1038/s41575-020-00360-x

80. Modesto R, Estarreja J, Silva I, Rocha J, Pinto R, Mateus V. Chemically
induced colitis-associated cancer models in rodents for pharmacological
modulation: A systematic review. J Clin Med (2022) 11(10):2739. doi: 10.3390/
jcm11102739

81. Grillo TG, Quaglio AEV, Beraldo RF, Lima TB, Baima JP, Di Stasi LC, et al.
MicroRNA expression in inflammatory bowel disease-associated colorectal cancer.
World J Gastro. Oncol (2021) 13:995–1016. doi: 10.4251/wjgo.v13.i9.995

82. Bocchetti M, Ferraro MG, Ricciardiello F, Ottaiano A, Luce A, Cossu AM,
et al. The role of microRNAs in development of colitis-associated colorectal cancer.
Int J Mol Sci (2021) 22(8):3967. doi: 10.3390/ijms22083967

83. Quintanilla I, Jung G, Jimeno M, Lozano JJ, Sidorova J, Camps J, et al.
Differentially deregulated MicroRNAs as novel biomarkers for neoplastic
progression in ulcerative colitis. Clin Transl Gastroenterol (2022) 13:e00489. doi:
10.14309/ctg.0000000000000489

84. Elmentaite R, Kumasaka N, Roberts K, Fleming A, Dann E, King HW, et al.
Cells of the human intestinal tract mapped across space and time. Nature (2021)
597:250–5. doi: 10.1038/s41586-021-03852-1
frontiersin.org

https://doi.org/10.1128/MCB.00787-13
https://doi.org/10.4161/cc.25405
https://doi.org/10.1038/srep19943
https://doi.org/10.1093/carcin/bgw027
https://doi.org/10.1093/nar/gkw146
https://doi.org/10.1182/blood-2009-08-240101
https://doi.org/10.1002/ijc.29177
https://doi.org/10.1038/onc.2013.332
https://doi.org/10.1038/onc.2013.332
https://doi.org/10.1371/journal.pone.0060315
https://doi.org/10.1038/nm.2815
https://doi.org/10.1002/ijc.25461
https://doi.org/10.1158/1541-7786.MCR-10-0529
https://doi.org/10.1016/j.cell.2007.02.048
https://doi.org/10.1038/leu.2014.133
https://doi.org/10.1038/leu.2014.133
https://doi.org/10.1038/bjc.2015.107
https://doi.org/  10.1371/journal.pone.0108049
https://doi.org/10.1128/mBio.02113-14
https://doi.org/10.1038/ni.1932
https://doi.org/   10.1097/MIB.0000000000000926
https://doi.org/10.1002/eji.201545567
https://doi.org/10.1002/eji.201545567
https://doi.org/10.1080/15548627.2019.1596492
https://doi.org/10.1007/s00280-020-04181-2
https://doi.org/10.1186/s13046-019-1330-9
https://doi.org/10.1186/s13046-019-1330-9
https://doi.org/10.1016/j.bbcan.2018.05.007
https://doi.org/10.1002/emmm.201202100
https://doi.org/10.1038/bjc.2014.540
https://doi.org/10.7717/peerj.1635
https://doi.org/10.1093/cvr/cvq264
https://doi.org/10.1093/cvr/cvq264
https://doi.org/10.1002/art.27329
https://doi.org/10.1007/s44164-022-00017-w
https://doi.org/10.1007/s44164-022-00017-w
https://doi.org/10.1126/science.1091903
https://doi.org/10.1038/nature06607
https://doi.org/10.1084/jem.20160462
https://doi.org/10.1084/jem.20160462
https://doi.org/10.1038/s41575-020-00360-x
https://doi.org/10.3390/jcm11102739
https://doi.org/10.3390/jcm11102739
https://doi.org/   10.4251/wjgo.v13.i9.995
https://doi.org/10.3390/ijms22083967
https://doi.org/10.14309/ctg.0000000000000489
https://doi.org/10.1038/s41586-021-03852-1
https://doi.org/10.3389/fimmu.2022.991346
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Global alteration of colonic microRNAome landscape associated with inflammatory bowel disease
	Introduction
	Materials and methods
	In vivo rat model and sample collection
	IBD patients
	Cell culture conditions and stimulations
	Extraction of total RNA
	Reverse transcription and quantitative real-time PCR (QPCR)
	miRNA sequencing and bioinformatic analysis
	Statistical analysis and data representation

	Results
	TNBS-induced colitis alters miRNA expression profiles
	Correlation between precursor and mature miRNA expression
	Dysregulated miRNA expression in inflamed colon may lead to cancer formation
	Interplay between transcription factors and miRNAs
	Increased expression of miR-27b targets in inflamed colon
	Dysregulated miR-223, miR-27b, E2F1 and MM13 expression may originate from different cell types

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


