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Abstract

Background & Aims: Intestinal fibrosis in inflammatory bowel 
disease (IBD) is due to dysregulation of the wound healing pro-
cess. MicroRNAs (miRNAs) are essential for the control of many 
physiological and pathological processes, and they act as critical 
regulators of gene expression at the post-transcriptional level. 
However, the role of miRNAs in epigenetic regulation of canonical 
pathways in intestinal fibrosis remains poorly understood. Here, 
I review the crosstalk between fibrotic signaling, particularly the 
transforming growth factor (TGF)-β pathway, and miRNAs, high-
light potential novel therapeutic targets, and address the challenges 
of miRNA research. Methods: A combination of different key-
words, including “colitis”, “microRNA”, “IBD”, and “fibrosis”, 
was used to search PubMed to obtain highly relevant references 
for this review. In addition, some critical references cited in highly 
relevant articles were reviewed as well as abstracts from presenta-
tions at recent international conferences. Results: I described the 
major mechanisms in mesenchymal cells that contribute to fibrotic 
diseases. I also analyzed the most recent experimental findings 
from several different in vitro and in vivo models and identify the 
TGF-β pathway as a target at different levels by two kinds of miR-

NAs, pro-fibrotic miRNAs: miRNA-21, miR-192, miR-199, miR-
19 and anti-fibrotic miRNAs: miR-29b, miR-200 family. Finally, 
I discussed some of the major challenges associated with miRNA 
research and provide some suggestions. Conclusions: miRNAs 
may play a critical role in multiple levels of the TGF-β pathway in 
IBD-associated intestinal fibrosis.

Introduction

Inflammatory bowel disease (IBD), including Crohn’s disease 
(CD) and ulcerative colitis (UC), affects about 2.5 to 3.0 million 
Europeans and 1.6 million Americans.[1–2] Recent epidemio-
logical studies reported that the incidence and prevalence of IBD 
are increasing worldwide, making IBD a global disease.[3] The 
overall health care cost for IBD and necrotizing enterocolitis is 
estimated to be about $23 billion dollars per year, which includes 
the combined price of medicine and surgery, hospitalization, and 
loss of productivity.[1–5] CD is an immunologically mediated, 
chronic remittent, and relapsing inflammatory disease that affects 
the entire gastrointestinal tract. It is characterized by transmural 
inflammation with resultant formation of fibrotic stricture and 
final intestinal fibrosis, which is due to overgrowth of the mus-
cularis layers. This overgrowth is characterized by smooth mus-
cle cell hyperplasia and hypertrophy and excessive deposition 
of extracellular matrix.[6–10] Chronic inflammation (lifelong)-
induced muscularis thickening and fibrosis in CD occurs in the 
muscularis mucosa and muscularis propria. In this case, a distinc-
tive inflammatory pattern emerges in the intestine, which is sub-
jected to a variety of stimuli, including gut microbiota, genetic 
mutation, environmental exposure, and chemical contact, and it 
is mediated by a series of complicated immunological responses 
and a collaboration of different immune cells.[6–10] Although the 
mechanism of fibrosis and related issues in CD have been investi-
gated for several decades, a comprehensive understanding of the 
pathophysiological mechanisms of intestinal fibrosis remains to 
be identified and, hence, the exploration of novel therapeutic ap-
proaches.[6–10] Here, I summarize the current knowledge on the 
primary mechanisms of intestinal fibrosis, with a specific empha-
sis on the role of microRNAs, propose new research pathways 
and questions, and suggest the potential needs for the study of 
fibrosis in IBD.

Intestinal fibrosis

Wound healing is the body’s normal response to tissue injury, 
whereby damaged cells are replaced by cells of similar type and 
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by the deposition of ECM.[11–12] Once the fibrotic process is ter-
minated, tissue remodeling occurs through maintenance of a bal-
ance between ECM production and its degradation.[11–15] Dur-
ing chronic inflammation, the epithelial and endothelial barriers 
are disrupted, resulting in activation of intestinal mesenchymal 
cells, such as smooth muscle cells, fibroblasts, and subepithelial 
myofibroblasts (SEMFs), by a variety of cytokines, mediators, 
bacterial products, and growth factors.[16–19] Potential crosstalk 
between intestinal epithelial cells and SEMFs occurs, as stimu-
lation of epithelial cells inhibits mobility/migration of SEMFs, 
which potentially contributes to the retention of SEMFs at in-
flammatory foci in vivo and increased collagen production in 
SEMFs.[20] Moreover, loss of the negative feedback regulation 
leads to fibrosis with sustained activation of SEMFs and excess 
transforming growth factor (TGF)-β1 and collagen production 
and cellular proliferation.[20] Once SEMFs are activated in pa-
tients susceptible to fibrostenosis, autocrine mechanisms lead to 
fibrosis, production of TGF-β1 and collagen I, and cellular prolif-
eration, which continues even in the absence of sustained inflam-
mation.[10,16–20] Intestinal fibrosis that is associated with CD 
is a dynamic tissue remodeling process that is characterized by 
pathological tissue repair or wound healing process, which de-
pend on the balance between production of ECM components and 
activity of proteolytic enzymes, such as matrix metalloproteinas-
es (MMPs) and tissue inhibitor of MMPs (TIMPs). [11–15] More 
specifically, reduced MMP activity and/or upregulated TIMP 
protein levels appear to contribute to dense collagen deposition 
during stricture formation. Intestinal fibrosis in CD-associated 
strictures requires activated ECM-secreting myofibroblasts to per-
petuate the fibrotic response and to sustain tissue remodeling and 
stricture formation. [16–19] Crosstalk between colonic epithelial 
cells and subepithelial myofibroblasts may recruit other cell types 
to differentiate into active myofibroblasts through several mo-
lecular mechanisms, including epithelial-to-mesenchymal transi-
tion (EMT) and endothelial-mesenchymal transition (EndoMT), 
defective apoptosis, enhanced proliferation of myofibroblasts, 
mesenchymal cells migration into inflamed region, and intestinal 
stem cells differentiation.[16–19] In Table 1, I summarize protein 
markers used to identify major components of mesenchymal cells 
that contribute to intestinal fibrosis.[21–25]

TGF-β signaling

TGF-β and its downstream signals play a key role in wound healing 
and tissue repair.[26–35] In addition to its plethora of effects on 
the dynamic interaction among immune and nonimmune cells, it 
has been found in all cell types involved in fibrotic lesion.[32–35] 
We and others have reported multiple mechanisms regarding the 
activation of TGF-β in IBD.[31–33] Integrin induces fibrogenesis 
through integrin binding to the arginine–glycine–aspartate (RGD)-
binding domain of N-terminal latency associated peptide (LAP)-
TGF-β, resulting in release of active TGF-β from its complex, bind-
ing of active TGF-β to its cognate receptors on the cell membrane, 
and subsequent signal transduction signals.[32–33] Even though 
all the isoforms of TGF-β are detectable in fibrotic tissues, includ-
ing CD, the major factor involved in fibrogenesis is TGF-β1.[23] 
Moreover, mRNA expression and protein levels of TGF-β1 in stric-
tured colon are significantly upregulated relative to normal colon 
and normal resection margin from the same patient with CD. Gene 
transfer of TGF-β1 has also been shown to reproduce experimen-
tal colitis in mice.[34] Bidirectional functional crosstalk between 
TGF-β signals and aberrant expression of microRNAs (miRNAs or 
miRs) has been reported in a variety of human diseases and animal 
models, including multiple organ fibrosis.[36–37] The TGF-β path-
way has been documented to regulate many miRNAs, including 
miR15/16, miR-21, miR-29b, miR-17~92, miR-106-25, miR-155, 
miR-181b/d, miR-199a, miR-224, and the miR-200 family.[36]

MicroRNA biogenesis and function in physiologcial and 
pathological conditions

miRNAs are small non-coding (18–25 oligonucleotides) RNAs 
found in metazoans and represent a family of distinctive non-cod-
ing RNAs. A number of well-written reviews have presented the 
general biogenesis of miRNA.[38–44] Therefore, I will provide 
only a brief introduction here. In general, miRNAs are transcribed 
into primary miRNA (pri-mRNA) about 100 nucleotides in length 
in the nucleus by RNA polymerase II. Pri-miRNAs contain char-
acteristic stem-loop or hairpin structures that are cleaved in the 

Table 1.  Protein markers used for identification of Intestine mesenchymal cells

Name Tissues Significance Reference
α-smooth muscle actin (α-SMA) 1. Detected in murine small intestine & colon

2. Increased expression in radiation induced 
enteritis, TNBS, DSS-induced colitis
3. Can be detected in human normal intestine, UC, CD

+++ 21, 22, 23 
(IHC), 18

Vimentin 1. Can be detected in normal intestine, UC, CD
2. Positive for intestinal myofibroblasts
3. Positive for fibroblasts

+ 22, 23 (IHC),18

Tropomyosin Can be detected in normal, radiation-induced enteritis. + 22
Desmin 1. Weaker or negative staining for SEMFs

2. Positive for SMC.
? 23,18

Smoothelin Smooth muscle-specific cytoskeletal protein exclusively  
found in differentiated SMC.

+ 24, 25

S-100 Rare expression among intestinal SMC culture; Markers  
for inflammatory disease

+ 24

 CD, Crohn’s disease; UC, ulcerative colitis; KO, knockout; DSS, dextran sulfate sodium; TNBS, 2,4,6-trinitrobenzene sulfonic acid; PDCD4, the programmed cell death 4 
(PDCD4); MIP-2α, macrophage inflammatory peptide-2α; SIP1, Smad-interacting protein1; ZEB1, zinc finger E-box-binding homeobox 1; IF, immunofluorescence; WT, wild 
type; NOD2, nucleotide-binding oligomerization domain-containing protein 2; SOCS-1, suppressor of cytokine signaling-1; FOXO3a, forkhead box O3.
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nucleus by the RNAse type III enzyme Drosha and the RNA bind-
ing protein Di-George syndrome critical region gene 8 (DGCR8) 
to generate a 60–70 nucleotide hairpin loop sequence called pre-
cursor miRNA (pre-miRNA). Then, exportin-5, a RanGTP com-
plex, transports pre-miRNAs from the nucleus to the cytoplasm, 
where the hairpin loop is further cleaved into 19–25 nucleotide 
miRNA-miRNA* duplexes by RNA-induced silencing complex 
(RISC)-loading complex (RLC) and other factors containing Dro-
sha. While the miRNA* strand is degraded in the cytoplasm, the 
mature miRNA strand guides the RNA-induced transcriptional si-
lencing complex to bind to promoter-associated mRNA transcripts 
at the 3′-untranslated region (UTR) or 5′-UTR elements, or both, 
via complementary 6–8 nucleotide sequence.[38,39] These short 
RNAs play a diverse role in the development of physiological and 
pathological conditions and exert epigenetic post-transcriptional 
regulation of gene expression. [40–41] The “seed sequence”, typi-
cally 6–8 nucleotides, binds to complementary partial sequences in 
the 3′-UTRs of targeted mRNAs, resulting in translational repres-
sion or mRNA degradation. It is in this way that miRNAs control 
protein production. Up to 60% of human protein coding genes are 
regulated by over 2,500 known mature human miRNA transcripts 
(miRbase release 20). Aberrant miRNA expression plays an im-
portant role in the progression and phenotype distribution of many 
diseases, including several autoimmune diseases, cancer, multiple 
organs fibrosis, and IBD. To date, studies have identified distinct 
tissue and plasma miRNA expression patterns in patients with 
IBD. A number of miRNAs including, miR-21 and miR-29 family 
members, have been reported as common modulators of organ fi-
brosis in different diseases and animal models.[42–44] Epigenetic 
regulation of miRNA expression through chromosomal aberra-
tion, DNA methylation, transcription factor binding, and histone 
modification are associated with dysregulation of targeted gene ex-
pression.[45–47] For example, hypermethylation of miR-199a-5p 
by DNA methyltransferase-1 (DNMT1) in testicular cancer cells 
(NT2) led to suppression of cancer cell growth, cancer migration, 
invasion, and metastasis.[48]

Given the critical role of miRNAs in normal and diseased con-
ditions, it is not surprising that miRNAs have multifaceted func-
tions in the pathogenesis of IBD. Unique miRNA expression pro-
files in tissue samples and peripheral blood have been reported for 
patients with UC and CD, allowing for the differentiation of IBD 
diagnosis.[49] Epigenetic regulation of miRNA expression and a 
critical role of miRNAs in the development and differentiation of 
immune responses have been uncovered by studies on Th17 sign-
aling, autophagy, and related transcription factors, such as nuclear 
factor kappa B (NF-κb) and signal transducer and activator of tran-
scription 3 (STAT3).[40,50] During intestinal barrier dysfunction, 
the expression of miR-21 is increased, impairing tight junction in-
tegrity and increasing barrier permeability through targeting the 
Rho GTPase RhoB.[51] The study of the role of miRNAs in IBD 
has received much attention in the field, but the state of research 
is still in its infancy. Even though there has been much progress 
in anti-inflammatory treatments of IBD in clinical trials and prac-
tice, the frequency of stricture complication postsurgery and after 
immunotherapy is still high; and no cure that targets fibrosis is 
currently available. [7–10] One reason for the lack of a curative 
treatment is because the mechanism of intestinal fibrosis and the 
role of miRNAs in this process remain poorly understood.

Epigenetic regulation of intestinal fibrosis

Our understanding of the biological functions of intracellular miR-

NAs has increased considerably in the last two decades. A grow-
ing body of evidence indicates that miRNAs contribute to several 
cellular processes related to apoptosis, cell proliferation, cell cycle 
regulation, differentiation, autophagy, unfolded protein response, 
and the innate and adaptive immune systems.[45–47] However, 
the role of miRNAs in the development of intestinal fibrosis in 
IBD remains largely unknown. The rapidly developing field of 
epigenetics has demonstrated the great potential for elucidating 
pathological mechanisms of abnormal gene expression due to the 
changes of the structure and function of chromatin caused by envi-
ronmental factors. Epigenetic mechanisms effect gene expression 
and cellular function through three distinct and interconnected 
mechanisms: 1) chromatin structure modulation, 2) DNA meth-
ylation, and 3) RNA interference by noncoding RNAs.[45–47] 
There is growing evidence showing that intestinal fibrosis is mod-
ulated by epigenetic mechanisms. Histone deacetylase inhibitors 
(HDACi) were shown to reduce the mRNA and protein levels of 
collagen I and the resultant fibrosis in several animal models of 
fibrosis.‌[45–47] HDACs are also involved in EMT and fibroblast 
activation and differentiation, but the underpinning mechanisms 
remain unknown. Sadler et al. showed that epigenetic/chromatin 
changes with histone modification and induction of the collagen 
1A2 gene are required for and are important regulators of intesti-
nal EMT.[52] About 10% of miRNA expression is intricately con-
trolled by DNA methylation through DNMTs, which are responsi-
ble for both CpG and non-CpG methylation.[40] In an IBD study, 
Kalla et al. identified among the 65 differentially methylated CpG 
sites with epigenome-wide significance a correlation between the 
hypomethylated miR-21 locus and expression of miR-21 expres-
sion in leucocytes and affected mucosa.[40] Taken together, these 
findings suggest that intestinal fibrosis can be modulated at the 
epigenetic level in IBD.

Functional studies on the role of mirnas in fibrosis of IBD

Although the link between many miRNAs and multiple organ fi-
brosis, including lung, kidney, heart, liver, and systemic sclerosis, 
has been studied, there are few studies available that investigate 
the association with intestinal fibrosis.[38–41] Here, I summarize 
the miRNAs associated with intestinal fibrosis (Table 2). These 
miRNAs can be divided into “profibrotic” and “antifibrotic” cat-
egories, based on their role related to intestinal fibrosis. Profibrotic 
miRNAs are miRNA-21, miR-192, miR-199, and miR-19, and 
antifibrotic miRNAs are miR-29b and the miR-200 family. Due 
to shared pathways in organ fibrosis, miRNAs that have a poten-
tial role in intestinal fibrosis are worthy of investigation including 
miR192, miR-143/145, miR-210, miR-155, miR-199a, miR-19.

miR-21

miR-21 is probably the most widely studied miRNA in IBD, dem-
onstrating consistent and reproducible functional findings in ani-
mal models. These data demonstrate that mir-21 may be a potential 
therapeutic target for fibrosis in multiple organs and other diseases, 
such as cancer.[42,44,51,53–56] The role of miR-21 in organ fibro-
sis is based on accumulating evidence on pulmonary, cardiac, and 
renal fibrotic disorders.[42,44,51,53–56] Upregulation of miR-21 
expression was observed in affected human tissues as well as in 
mouse models of fibrosis in different organs.‌[42,44,51,53–56] 
Inhibition of miR-21, either by a miR-21 antagomir or antisense 
oligonucleotides, reduced and even prevented the progression of 
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experimental organ fibrosis in different mouse models.[44,53,55] 
The precise mechanisms of how profibrotic miR-21 contribut-
ed to multiple organ fibrosis may be related to several putative 
pathways and targets. Since TGF-β has been shown to induce 
miR-21 expression in cultured cells, including human intestinal 
myofibroblasts, the TGF-β/Smad canonical pathway is one of 
the most studied mechanisms of miR-21 function in the develop-
ment of fibrosis.[53] MiR-21 repressed Smad7 expression while 
increased Smad3 upregulation through binding to the Smad bind-
ing element (SBE) located in the promoter region of Smad3.[53] 
In carcinoma-associated fibroblasts (CAFs), miR-21 bound to the 
3′-UTR of Smad7 and inhibited its translation, but it did not cause 
its degradation.[54] MiR-21 also enhanced fibrosis through other 
noncanonical pathways, such as activation of extracellular signal 
regulated kinase (ERK) and phosphatidylinositol 3 kinase (PI3K)/
AKT signaling by degradation of sprouty (Spry) and phosphatase 
and tensin homology (PTEN), respectively.[42] Regarding IBD, 
miR-21 has been shown to play a role in inflammation and tissue 
injury. miR-21 impairs the tight junction integrity and increases 
barrier permeability through targeting the Rho GTPase RhoB.[51] 
Global deletion of miR-21 in mice is protected in dextran sodium 

sulfate (DSS)-induced colitis but exacerbated in intestinal inflam-
mation in both the 2,4,6-trinitrobenzene sulfonic acid (TNBS) and 
T cell transfer colitis models.[44] Interestingly, another target of 
miR-21, proinflammatory programmed cell death 4 (PDCD4), was 
reported in macrophages, suggesting that there are unexpected 
anti-inflammatory properties of miR-21 in different cell types.[56] 
The differential effects of miR-21 in different conditions may re-
flect diversified pathogenic pathways implicated in each model of 
colitis, distinctive roles of specific cell types, and preferred targets 
of miR-21 in specific cell types.[44]

miR-29

miR-29 has three mature members, miR-29a, miR-29b, and miR-
29c that are encoded by two distinct genomic loci.[43] In multiple 
organs, miR-29 expression was enriched in mesenchyme-derived 
cells.[43] The promoter regions of miR-29 genes serve as multi-
ple binding sites for several transcription factors, including NF-κB 
and Smad3.[43] Moreover, growth factors or cytokines, such as 
TGF-β, TNF-α, and interleukin (IL)-4, suppress miR-29 expres-

Table 2.  Selected summary of aberrant miRNAs associated with intestinal fibrosis in IBD

microRNA Human tissue Expression level Target Pathway/function Methods Reference

miR-21 Ileal CD tissue with 
different phenotypes

Increased Smad7, 
Smad3, RhoB, 
PDCD4

TGF-β, Th1 qRT-PCR, 
DNA-ChIP

51, 53, 56

miR-29/
miR-29b

Mucosa overlying strictures, 
mucosal fibroblasts, human 
dendritic cells from CD

Reduced Collagen I and 
III, Smad3, IL-
12p40, IL-23

TGF-β, EMT qRT-PCR 57, 60–61

miR-200 
family

Intestinal epithelial cells, 
intestinal biopsies

Decreased Smad2, 
E-cadherin, 
ZEB1

TGF-β, EMT qRT-PCR 65

miR-192 Active UC tissue, 
colonscopic pinch biopsies 
from the  
sigmoid colon

Downregulated MIP-2α, SIP1, 
NOD2, Smad3

Cytokine production qRT-PCR, 
in situ 
hybridization

49, 67-69

miR-
143/145

Intestinal mesenchymal cells Decreased IGFBP5, PI3K 
/Akt

IGF qRT-PCR 73

miR-155 Intestinal myofibroblasts, 
colonic mucosa pinch 
biopsy, intestinal 
epithelial HT29 cells

Increased FOXO3a, 
IL-8,  
IκBα

Th17 qRT-PCR 80–81

miR-19b Intestinal pinch biopsy, 
intestinal epithelial cells

Decreased SOCS3 JAK/STAT qRT-PCR 92

microRNA Animal model Expression level Target Pathway/function Methods Reference
miR-21 miR-21 KO DSS, TNBS, T 

cell transfer murine model of  
colitis

Increased in 
TNBS

RhoB, CDC42 TGF-β, Th1 qRT-PCR, 
microRNA 
array

44, 55

miR-29/
miR-29b

Colonic tissue from miR-29  
KO murine models

Reduced IL-12p40, 
IL-23

Th17 qRT-PCR 57

miR-
143/145

Murine DSS colitis Decreased PI3K/Akt IGF qRT-PCR 74

miR-210 CD4+T cells, T cell transfer  
model of colitis

Increased in WT HIF-1α Th17 qRT-PCR 76

miR-155 miR-155 KO mice Increased in WT IL-23, TGF-β Th1/Th17 qRT-PCR 79
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sion.[43] There are 11 ECM-related genes among the list of the top 
30 predicted targets of miR-29, including eight collagens, elastin, 
fibrillin1 (FBN1), and peroxidasin, which are the major compo-
nents of ECM. [43] These distinctive features make miR-29 a per-
fect candidate for anti-fibrotic therapy. The role of miR-29 in the 
prevention of tissue fibrosis was shown in mouse models of renal, 
cardiac, liver, and pulmonary fibrosis through inhibition of TGF-
β-mediated ECM production and deposition.[43,57–60] Within 
the context of IBD study, studies in the miR-29 knockout mouse 
helped us to understand further the role of miR-29 in intestinal 
fibrosis.[57] Using a dendritic cell line, Brain et al. found that nu-
cleotide-binding oligomerization domain (NOD-2) induced miR-
29 release and limited IL-23 release. More importantly, NOD2 
polymorphism decreased the miR-29 expression and increased the 
risk of stricture formation in patients with CD.[57] NOD2 poly-
morphisms in CD are associated with a stricturing phenotype that 
is characterized by severe intestinal fibrosis.[58] NOD2 also in-
fluences the composition of the microbiome.[59] Therefore, this 
pioneering study indicated a novel role of miR-29 in microbiome 
function in intestinal fibrosis. Nijhuis et al. reported reduced miR-
29 family expression in the mucosa overlying strictures compared 
to adjacent nonstrictured areas. Stimulation with TGF-β signifi-
cantly increased collagen 1A2 and 3A1 gene expression through 
downregulation of miR-29b in isolated mucosal fibroblasts from 
patients with stricture.[60] These data are in line with previous 
findings showing that reduced levels of miR-29 are associated with 
multiple organs fibrosis.[43,61–62]

Regarding the potential profibrotic role of miR-21 and antifi-
brotic role of miR-29b in fibrosis, our group studied the function 
of miR-21 and miR-29b in intestinal fibrosis of CD. Differential 
expression pattern of miR-21 and miR-29b were identified in 
subepithelial myofibroblasts from fibrostenotic phenotype of CD 
compared to normal resection margin within the same patient as 
well as other phenotypes. Smad3 gene was identified as the post-
transcriptional target for both miRNAs.[61]

miR-200 family

Members of the miR-200 family (miR-141, miR-200a, miR-200b, 
miR-200c, and miR-429) are associated with multiple organ fi-
brosis and EMT, common features shared by fibrosis and tumor 
metastasis.[63–66] The inhibition of the E-cadherin transcrip-
tional repressors zinc finger E-box binding homeobox (ZEB)1 and 
ZEB2 is considered a mechanism by which the miR-200 family 
suppresses fibrosis.[63] Within the context of IBD, miR-200b was 
shown to promote the growth of intestinal epithelial cells by in-
hibiting EMT via TGF-β. Expression of these miRNAs was de-
creased significantly in cultured cells showing EMT activity in the 
presence of TGF-β.[65] Wang et al. used a reporter gene assay to 
show that the miR-200 family contributes to fibrosis by directly 
targeting TGF-β2.[66] In their study, exogenous overexpression of 
both miR-141 and miR-200a in rat proximal tubular epithelial cells 
(NRK52E) reduced TGF-β2 and Smad3 activity and ECM protein 
levels and prevented EMT. The decreased expression of miR-200 
family may be partially related to DNA hypermethylation at the 
promoter regions of these miRNAs in fibrotic disorders.[66]

miR-192

Wu et al. found a significant reduction of miR-192 expression in 
active UC tissues and an inverse correlation between miR-192 
expression and macrophage inflammatory peptide-2α (MIP-2α), 

which is produced by colonic epithelial cells and macrophages 
and highly expressed in active UC tissues relative to healthy con-
trol tissues.[49] However, overexpression of miR-192 in colonic 
epithelial HCT116 cells suppressed NOD2 expression, muramyl 
dipeptide-mediated NF-κB activation, and gene expressions of 
IL-8 and chemokine (C-X-C motif) ligand 3, CXCL3.[67] A single 
nucleotide polymorphism (SNP) (rs3135500) located in the NOD2 
3′-UTR significantly decreased the effect of miR-192 on NOD2 
mRNA level.[67] Interestingly, in glomerular mesangial cells, 
miR-192 was upregulated by TGF-β through induction of ets-1 ex-
pression under diabetic conditions.[68] In the same study, TGF-β 
treatment or transfection with miR-192 decreased expression of 
Smad-interacting protein 1 (SIP1), a novel target of miR-192 that 
is structurally similar to another E-box transcriptional repressor, 
δEF1, i.e., the transcription factor ZEB1. [68] Further, Arthur et al. 
reported in tubular epithelial cells that Smad3, but not Smad2, me-
diated TGF-β1-induced miR-192 expression through binding to the 
Smad-binding sites in the miR-192 promoter. [69] In addition, miR-
192 was shown to be highly expressed in the kidney and liver.‌[70] 
Interestingly, in vitro treatment with anti-miR-29b, miR-21, and 
miR-192 mimics inhibited the effects of Smad7 overexpression on 
renal fibrosis in tubular epithelial cells, which suggests that these 
microRNAs act downstream of Smad7 to override Smad7 func-
tion. Restoration of renal miR-29b with suppression of miR-192 
and miR-21 may be the mechanism for Smad7 gene therapy inhibi-
tion of renal fibrosis.[71] Taken together, these findings suggest that 
caution should be taken before we consider miR-192 as a potential 
therapeutic target for anti-inflammation due to its unwanted profi-
brotic effects and tissue specific expression pattern.

miR-143/145

Previously, Qian et al. showed that insulin-like growth factor 1 
receptor (IGF-1R) was the direct target of miR-143 and that its 
expression was inversely correlated with miR-143 expression in 
human colorectal tumor tissue.[72] Two recently published ar-
ticles discussed the role of miR-143/145 in the pathogenesis of 
colon cancer in vitro and in vivo. In mice with constitutional or 
tissue-restricted deletion of miR-143/145, Chivukula et al. found 
that excessive secretion of insulin-like growth factor binding pro-
tein 5 (IGFBP5) by mesenchymal cells of the intestine, including 
myofibroblasts, resulted in decreased phosphorylation of epithelial 
IGF1R, which may contribute to defects in epithelial regeneration 
due to impaired IGF signaling after epithelial injury.[73] In the 
azoxymethane (AOM)/DSS-induced mouse model of colitis-asso-
ciated cancer, Josse et al. identified PI3K/Akt and IGF1 as major 
signaling pathways affected by downregulation of miR-143/145 
and other miRNAs.[74] Moreover, they also found that miR-143 
can affect the PI3K/Akt pathway in an IGF-1R independent man-
ner.

miR-210

miR-210 is considered a signature of hypoxia and a master “hy-
poxamiR”, which is a subset of miRNAs induced by hypoxia.[75] 
HIF-1α was shown to upregulate miR-210 through its binding to 
the hypoxia responsive element (HRE) located on the proximal 
promoter of miR-210.[75] Wang et al. identified Hif1a as a novel 
target of miR-210, suggesting that miR-210 can inhibit HIF-1a ex-
pression through a negative feedback loop. Deletion of miR-210 
promoted Th17 differentiation under hypoxic conditions. In a T 
cell transfer model of colitis, miR-210 was demonstrated to be an 
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important regulator of T cell differentiation via reducing Hif1a 
mRNA levels and the number of cells that produced inflamma-
tory cytokines, thereby limiting intestinal immunopathology.[76] 
Study of primary mesenchymal cells isolated from patients with 
idiopathic pulmonary fibrosis (IPF) showed that increased miR-
210 expression drove fibroblast proliferation by repressing the 
c-myc inhibitor (MNT), while knockdown of miR-210 decreased 
hypoxia-induced IPF fibroblast proliferation and correlated with 
increased MNT expression.[77]

miR-155

In an early study, Das et al. showed that TGF-β induced miR-155 
in lamina propria T cells (LPT) and that T-cell miR-155 overex-
pression decreased mRNA levels of IL-2 and inducible T-cell ki-
nase (ITK), a functional target of miR-155. Antagonism of miR-
155 restored the levels of both mRNAs in activated cells.[78] In 
the DSS colitis model in miR-155 knockout mice, the number of 
Th1/Th17, CD11b+, and CD11c+ cells was decreased, consistent 
with attenuation of intestinal damage from experimental coli-
tis.‌[79] In one of two human UC studies, Min et al. found that 
miR-155 downregulated forkhead box O3a (FOXO3a) and acti-
vated the NFκB pathway in active UC tissues.[80] Moreover, the 
level of miR-155 was increased in intestinal myofibroblasts iso-
lated from patients with active UC relative to those from healthy 
control and CD patients, through downregulation of suppressor of 
cytokine signaling-1 (SOCS1).[81] Paraskevi et al. reported that 
miR-155 was the most highly expressed of the six UC-associated 
miRNA in blood samples using real-time polymerase chain reac-
tion (PCR).[82]

miR-199a

Most studies on the role of miR-199a in fibrosis were performed in 
pulmonary and liver fibrosis. Zhang et al. identified the AKT/miR-
199a-5p/caveolin 1 pathway as a regulator of innate immunity that 
is dysregulated in cystic fibrosis macrophages, which contributes 
to the lung hyper-inflammation response.[83] MiR-199a-5p ex-
pression was induced with TGF-β exposure, and ectopic expres-
sion of miR-199a-5p was sufficient to promote the pathogenic 
activation of pulmonary fibroblasts, including proliferation, mi-
gration, invasion, and differentiation into myofibroblasts. In ad-
dition, miR-199a-5p is also a key effector of TGFβ signaling in 
lung fibroblasts by regulating caveolin 1, a critical mediator of 
pulmonary fibrosis.[84] In both studies of carbon tetrachloride 
(CCL4)-induced mouse model of liver fibrosis and human liver 
tissue biopsies from patients with HCV infection, the expression 
levels of miR-199a, 199a*, 200a, and 200b were increased.[85] A 
recent study showed that miR-199a-5p targeted the pleckstrin ho-
mology (PH) domain and leucine-rich repeat protein phosphatase 
1 (PHLPP1). PHLPP1 is a tumor suppressor that negatively regu-
lates the AKT pathway and may render colon cancer cells insensi-
tive to treatment with the epidermal growth factor receptor inhibi-
tor cetuximab (CTX).[86]

miR-19

The miR-19 family (miR-19a and miR-19b-1) was identified as the 
key oncogenic component of the polycistronic miR-17~92 clus-
ter.[87] Exogenous expression of miR-19, including miR-19a and 
miR-19b-1, in lung cancer cells triggered EMT, as shown by mes-

enchymal-like morphological conversion, downregulation of epi-
thelial proteins, upregulation of mesenchymal proteins, formation 
of stress fibers, and reduction of cell adhesion.[88] Transglutami-
nase-2 (TG2), a critical cross-linking enzyme in ECM and tumor 
microenvironment was identified as a target for miR-19 by in silico 
analysis and was confirmed by a functional study.[89] Overexpres-
sion of pre-miR-19a in a cell model of metastatic colon cancer and 
decreased TG2 expression were linked to chromosome-13 ampli-
fication events, leading to enhanced invasion.[89] A recent study 
in CD showed low serum levels of miR-19a-3p and that miR-19b-
3p was associated with a stricturing phenotype of CD and could 
be used as a potential circulating marker for stricturing CD.[90] 
This low level of miR-19 in serum may be associated with active 
DNMT-1 expression and methylation of the miR-17~92 promot-
er, which was identified in human IPF tissue and fibroblasts and 
mouse fibrotic lung tissue.[91] Cheng et al. found that miR-19b 
directly recognized the 3′-UTR of SOCS3 and inhibited its expres-
sion, leading to increased macrophage-inflammatory protein-3 α 
(MIP-3α) and suppression of inflammatory response in intestinal 
epithelial cells.[92]

These aforementioned studies shed light on developing thera-
peutic methods in fibrotic diseases. Spatial and temporal expres-
sion of specific miRNAs in the gut play a critical role in orchestrat-
ing fundamental cellular processes and maintaining intracellular 
homeostasis before they are dysregulated in the pathological con-
ditions of fibrosis.

Based on previous findings of different miRNAs in epigenetic 
regulation of TGF-β and EMT, I hypothesized potential mecha-
nisms of profibrotic and antifibrotic miRNAs in the regulation of 
TGF-β signals at multiple levels in the development of intestinal 
fibrosis in IBD. In Fig. 1, profibrotic miRNAs, such as miR-21, 
miR-199a, and miR-192, enhance TGF-β signals at different levels 
by targeting not only the upstream TGF-β receptor, Smad3, or the 
integral membrane protein, caveolin 1, but also downstream fibrot-
ic gene products and collagens. The fibrotics miR-19 and miR-192 
may target EMT/ZEB family members. In contrast, antifibrotic 
miRNAs may inhibit the same molecules in TGF-β signaling. For 
example, miR-29b may inhibit multiple targets (mainly ECM-re-
lated genes) during TGF-β signaling activation. In summary, the 
epigenetic dysregulation of profibrotic and antifibrotic miRNAs 
regulates TGF-β signaling during the development of intestinal fi-
brosis. Better understanding of the role of different miRNAs and 
the regulation of aberrant expression of miRNAs may provide us 
novel insights into the mechanism(s) underlying intestinal fibrosis, 
potential therapeutic target(s), and a promising diagnostic or eval-
uation tool before and after treatment for IBD patients, specifically 
with fibrostenotic CD.

Challenges in microRNA research

Currently, the field of miRNA research is growing dramatically, 
as shown by the stunning number of miRNA-related publications 
covering almost all biomedical research topics found in PubMed. 
The importance of miRNAs in normal physiology and disease is 
already known.[38–41] However, in order to understand the role of 
individual miRNAs in intestinal fibrosis of IBD, we have to con-
sider real challenges that need to be overcome in miRNA research. 
First, it is difficult to interpret and compare the profile of miRNAs 
among different groups because there is a lack of standardiza-
tion of experimental design and data analysis, such as different 
concepts of control groups and different approaches to normalize 
miRNA data. Second, it is difficult to evaluate contradictory data 
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related to individual miRNA expression patterns in different organ 
systems or in samples of different origins (serum vs. tissue biop-
sies and immune cells vs. mesenchymal cells) due to cell-type-
specific and tissue-type-specific expression of miRNA.[40] Third, 
targeted delivery of miRNAs of interest in vivo using synthetic 
antisense oligonucleotides or mimics needs to be stable in serum 
and avoid enzymatic degradation and renal clearance. In addition, 
miRNA needs to be delivered specifically to the target organ in 
order to minimize off-target effects, i.e., toxicity in normal tissues 
and activation of redundant signals because of miRNA networks. 
The short-term and long-term side effects need to be evaluated as 
well.[93] In contrast to the use of lentiviral vectors for in vivo de-
livery, which poses safety concerns, emerging exosomal delivery 
of extracellular miRNAs packaged in vesicles seems to be much 
more promising.[94–96]

With the emergence of the Genome wide associated study 
(GWAS) in the past decade, researchers and physicians better un-
derstand the pathogenesis of IBD within a broader genetic back-
ground.[97–99] Most of the genetic variants associated with par-
ticular autoimmune diseases are shared between other systemic 
and specific organ-targeted autoimmune and inflammatory dis-
eases. [98–99] Key mechanisms defined from 163 IBD susceptible 
loci for IBD offer us a powerful tool to interconnect individual 

miRNAs using a bioinformatics-generated miRNA target database.
The development of better therapeutic targets depends on our 

understanding of intestinal fibrosis in CD. Through collaboration 
with multiple IBD research centers, novel techniques and sys-
tematic biologic approaches, for example, GWAS together with 
whole exosome sequencing analysis, are elaborated into the current 
IBD research consortium to generate a huge database composed 
of patients’ lab records and tissue banks that include patients’ se-
rum, plasma and surgical or biopsy specimens. Because of these 
resources, we may identify more specific gene loci as well as cor-
responding SNPs at related chromosomes based on underlying mo-
lecular and cellular mechanisms, thereby allowing for a tailored or 
individualized therapy regimen depending on the type and stage of 
CD in each patient.

In Fig. 2, I summarize the strategy used for miRNA design and 
study in translational biomedical research (Fig. 2).

Conclusions

Cellular components, such as mesenchymal cells, and core mo-
lecular processes, such as TGF-β pathway, are critical in fibrotic 
events. miRNAs play a key role in the regulation of gene expres-

Fig. 1. Aberrant microRNA expression may positively or negatively regulate gene expression in the transforming growth factor beta (TGF-β) signaling pathway at multi-
ple levels in inflammatory bowel disease (IBD) patients (refer to the main text for further details of our hypotheses).
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sion at post-transcriptional levels. In this review, I presented the 
most recent findings on the differential expression of miRNAs in 
the regulation of diversified signal pathways in human diseases 
and animal models. Based on these functional studies, miRNAs in 
IBD could play a critical role in modulation of TGF-β pathway at 
multiple levels in order to manage dysregulated intestinal homeo-
stasis. I also address the potential challenges in miRNA studies and 
offer some suggestions to overcome these obstacles.

Future Directions

From a clinical perspective, intestinal fibrosis is not driven solely 
by chronic inflammation-mediated immunological response to 
stimulants. Control of inflammation through clinical interven-
tion is not enough to combat complicated intestinal fibrosis. Bet-
ter understanding of the pathogenesis of intestinal fibrosis in IBD 
requires integration of signal network information related to 163 
risk loci, which were discovered by GWAS. In the near future, the 
study of cell-type specific and tissue specific expression of miR-
NAs may better our understanding of the function of miRNAs in 

the regulation of common fibrotic pathway, such as TGF-β sign-
aling. How we interpret miRNA data obtained from human and 
animal studies, which are related to IBD loci in GWAS findings, 
autophagy, and immune response, represents new opportunities for 
basic research in this field. Current strategies for miRNA research 
should be standardized across labs. These include strategies for 
selection of the right controls for patients with different subtypes, 
interpretation of miRNA data with correct miRNA internal con-
trols, and uniformed protocols to process tissue samples.
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