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REVIEW

MicroRNA regulation of innate immune responses in
epithelial cells

Rui Zhou', Steven P O’Hara” and Xian-Ming Chen!

Mucosal surface epithelial cells are equipped with several defense mechanisms that guard against pathogens. Recent studies indicate
that microRNAs (miRNAs) mediate post-transcriptional gene suppression and may be a critical component of the complex regulatory
networks in epithelial immune responses. Transcription of miRNA genes in epithelial cells can be elaborately controlled through
pathogen recognition receptors, such as Toll-like receptors (TLRs), and associated nuclear factor kappaB (NF-kB) and
mitogen-activated protein kinase (MAPK) pathways, and ultimately nuclear transcription factor associated-transactivation and
transrepression. Activation of these intracellular signaling pathways may also modulate the process of miRNA maturation.
Functionally, miRNAs may modulate epithelial immune responses at every step of the innate immune network, including production
and release of cytokines/chemokines, expression of adhesion and costimulatory molecules, shuttling of miRNAs through release of
exosomes and feedback regulation of immune homeostasis. Therefore, miRNAs act as critical regulators to the fine-tuning of epithelial

immune responses.
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INTRODUCTION

Epithelial cells along mucosal surfaces form a physical barrier that
separates the host’s internal milieu from the external environment.
These cells are also equipped with several defense mechanisms to
guard against infection by pathogens. Recent studies indicate that
epithelial cells express a variety of pathogen pattern recognition recep-
tors (PRRs), such as the Toll-like receptors (TLRs) and nucleotide
binding and oligomerization domain-like receptors (NLRs), which
recognize pathogens or pathogen-associated molecular patterns.
TLRs recognize microbes on the cell surface and in endosomes,
whereas NLRs sense microbial molecules in the cytosol. Upon specific
microbial recognition, these receptors recruit adaptor proteins and
activate downstream signaling cascades that regulate the activity of
nuclear factor kappaB (NF-kB), mitogen-activated protein kinases
(MAPK), or caspase-dependent signaling pathways.” This activation
induces the expression of several adhesion molecules, inflammatory
mediators (for example, cytokines/chemokines) and antimicrobial
peptides, initiating innate epithelial immune responses against micro-
bial infection.” However, the immune response is a double-edged
sword, as excessive inflammation can exacerbate tissue damage and
cause chronic inflammatory diseases.” Hence, the innate immune sys-
tem has developed complicated self-regulatory systems so that this
‘sword” will not damage the host. Various mechanisms have evolved
for this purpose, for example, the release of extracellular soluble decoy
TLRs and activation of intracellular antagonists to downregulate TLR
signaling.>*

Among numerous regulatory molecules, microRNAs (miRNAs)
have received much attention as a newly identified family of regulators
in animal and plant cells. miRNAs comprise a large family of about 21-
nucleotide-long RNAs that have emerged as key post-transcriptional
regulators of gene expression.”® In mammals, miRNAs are predicted
to control the expression of ~50% of protein-coding genes.”
Accumulating data indicate that miRNAs are an essential part of the
complex regulatory networks that control various cellular processes,
including differentiation and fate of epithelial and immune cells.® This
review briefly summarizes the current understanding of miRNA regu-
lation of epithelial immunity, with a focus on TLR-associated epithe-
lial immune responses.

REGULATION OF MIRNA BIOGENESIS BY DOWNSTREAM
SIGNALING PATHWAYS OF PRRS

miRNAs are initially transcribed as primary transcripts known as pri-
miRNAs by RNA polymerase IT (RNA pol II) and cropped into about
70- to 100-nucleotide-long hairpin precursors (termed pre-miRNAs)
in the nucleus by the RNAse III, Drosha.” Pre-miRNAs are actively
transported by exportin-5 to the cytoplasm where they are cleaved by
the enzyme, Dicer, to form mature miRNAs. This cleavage event gives
rise to a double-stranded ~22-nt product comprised of the mature
miRNA guide strand and the miRNA* passenger strand. The mature
miRNA is then loaded into the RNA-induced silencing complex, while
the passenger strand is degraded. The RNA-induced silencing complex
identifies target mRNA by base-pair complementarity resulting in
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Figure 1 Intricate network of TLR signaling and miRNAs. Upon specific microbial recognition, TLR recruit adaptor proteins and activate downstream signaling

cascades that activate NF-xB signaling pathway and MAPK signaling pathway. This

activation induces the expression of inflammatory mediators and miRNA genes.

After stimulation, pri-miRNAs are transcribed by RNA polymerase Il and cropped into pre-miRNAs. Pre-miRNAs are actively transported to the cytoplasm by exportin-
5 where they are cleaved by the enzyme, Dicer, to form mature miRNAs. miRNAs have been shown to regulate multistep of TLR signaling indicated by dotted line.
AP-1, activator protein-1; IKK, IkappaB kinase; IRAK, IL-1 receptor-associated kinase 1; KSRP, KH-type splicing regulatory protein; miRNAs, microRNAs; MKK,

mitogen-activated protein kinase (MAPK) kinase; MyD88, myeloid differentiation p

rimary response gene 88; RISC, RNA-induced silencing complex; TAB1, trans-

forming growth factor activated kinase-1-binding protein 1; TAK1, transforming growth factor activated kinase-1; TLR, Toll-like receptor; TRAF, TNF receptor-

associated factor; TRBP, TAR RNA-binding protein.

mRNA cleavage and/or translational suppression'® (Figure 1).
Whereas current research on miRNAs has focused on their physio-
logical and pathological functions, the specific mechanisms that regu-
late miRNA expression remain largely unknown. So far, a total of 1048
mature miRNAs have been identified in humans.'* miRNA expression
may be regulated in a similar manner to that of protein-coding genes
through both transcriptional and post-transcriptional mechan-
isms.”!? Activation of downstream signaling cascades of PRRs can
regulate miRNA expression through both mechanisms.

Transcriptional regulation of miRNA genes by PRR-associated
signaling pathways

Approximately 50% of the human miRNA genes are expressed from
non-protein-coding transcripts. The majority of miRNA genes are
located in intergenic regions or in antisense orientation to anno-
tated genes, indicating that they form independent transcription
units."” Lee et al., by demonstrating promoter regulated expression
of the polycistronic miRNA gene, mir-23a-27a-24-2, provided
the first direct evidence that miRNAs can exist as independent
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transcriptional units.” Other miRNAs are located within introns
of annotated genes, which may be transcribed as part of their ‘host
genes’.'* For example, human mir-22 gene is located in the second
exon of the non-coding transcript MGC14376. Correlated express-
ion of miR-22 and MGC14376 had been demonstrated in various
cells and tissues.'®> Nevertheless, an intronic miRNA does not neces-
sarily cotranscribe with its host gene. Nucleosome mapping studies
indicate that one-third of intronic miRNAs have transcription ini-
tiation regions independent from their host gene promoters.'® A
significant fraction of primary transcripts of intergenic miRNAs are
3—4 kb in length, with clearly defined 5’ and 3’ boundaries.'*'”
Whereas some pri-miRNAs contain only one miRNA, other pri-
miRNA transcripts contain several miRNAs. These cotranscribed
miRNAs are referred to as ‘cluster’ miRNA genes. Indeed, the
human miR-17 cluster contains six miRNAs, while the human
miR-302 cluster includes eight miRNAs.'®!'? Recent studies indicate
that transcription of miRNA genes in epithelial cells can be elabo-
rately controlled through various regulatory mechanisms including
transactivation and transrepression by nuclear transcription factors



associated with the downstream signaling pathways of TLR/NLRs,
in particular, the NF-kB and MAPK pathways.

The NF-x B pathway. Activation of the NF-kB signal pathway through
TLRs/NLRs is a common response in many epithelial cells following
microbial infection. The NF-«B family of transcription factors consists
of five members, p50, p52, p65 (RelA), c-Rel and RelB. In most cells,
NEF-«B exists in a latent state in the cytoplasm bound to inhibitory kBs
that mask its nuclear localization signal. Activation of NF-kB causes it
to move into the nucleus and regulate the expression of a number of
host genes, including miRNAs.”® The transcription activation
domain necessary for the positive regulation of gene expression is
present only in p65, c-Rel and RelB.**™** Thus, promoter binding of
p65, c-Rel and RelB is usually associated with gene transactivation.
Because they lack transcription activation domains, p50 and p52
may repress transcription unless they are associated with a tran-
scription activation domain-containing NF-«xB family member or
another protein capable of coactivator recruitment.*>*

It was first described in 2007 in human THP-1 monocytes that
transcription of miR-146a gene in response to TLR signaling is acti-
vated in an NF-kB-dependent manner.”® Since then, a subset of
miRNA genes has been identified as NF-kB-dependent (Table 1).
Many of the studies were carried out in non-epithelial cells or in
malignant cells. For example, lipopolysaccharide (LPS) induces
miR-27b expression in a NF-kB-dependent manner in human macro-
phages.*® Additionally, LPS directly induces miR-9 expression via the
myeloid differentiation primary response gene 88 (MyD88)/NF-kB-
dependent pathway in human neutrophils, monocytes and macro-
phages.27 miR-155, an important miRNA related to inflammation,
has been shown to be activated by NF-«B signaling pathway in various
cell types in response to many stimuli, including LPS and LMP1 (the
viral latent protein of Epstein—Barr virus).”>* Similar to miR-155,
miR-146a expression can be induced through NF-kB-dependent

Table 1 NF-kB-dependent miRNAs
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mechanisms in response to various immune-mediators such as LPS,
IL-1f, LMP1 and tumor necrosis factor (TNF)—C)(.25’3°’31 Furthermore,
miR-16 and miR-21 are directly regulated by NF-kB in gastric cancer
cells”® and NF-xB activation promotes miR-301a expression in pan-
creatic cancer cells.*

We recently showed that transcription of a subset of miRNA genes is
regulated through NF-kB activation in human biliary epithelial cells in
response to LPS stimulation.** Infection of biliary epithelial cells by
Cryptosporidium parvum, a protozoan parasite that activates TLR4/
NEF-kB signaling pathway in infected cells, also displayed a similar
transcription profile of these miRNA genes.> Specifically, inhibition
of NF-«B activation by SC-514, an TkappaB kinase 2 (IKK2) inhibitor,
blocked LPS- and C. parvum-induced upregulation of a subset of
pri-miRNAs, including pri-miR-125b-1, pri-miR-21, pri-miR-23b-
27b-24-1 and pri-miR-30b. Moreover, direct binding of NF-kB p65
subunit to the promoter elements of mir-125b-1, mir-21, mir-23b-27b-
24-1 and mir-30b genes was identified by chromatin immunoprecipi-
tation analysis and confirmed by the luciferase reporter assay using the
constructs covering the potential promoter elements of these miRNA
genes.”

In addition to the upregulation of some miRNAs, NF-«B signaling
may be also involved in the downregulation of miRNA genes.
Transcription of the let-7i gene in biliary epithelial cells in response
to LPS stimulation and C. parvum infection has been reported to be
suppressed through promoter binding by NF-«B subunit p50 along
with CCAAT/enhancer-binding protein beta.>® Furthermore, NF-kB
negatively regulates miR-29b transcription through interacting with
other transcription factor Yin Yang 1 or specificity protein 1 in various
cell lines.””®

The MAPK pathways. Similar to regulation of protein-coding RNA
genes, transcription of miRNA genes appears to be regulated by mul-
tiple signaling pathways including the MAPK signaling pathways. In

Transcription factors/

miRNA Stimulus Alteration other cofactors Cell lines Reference
miR-146a LPS; TNF-o; IL-1B; Up P65 Human monocytic cell; human neural cells; human alveolar 25,27, 30, 31,
LMP1; H-05 epithelial A cells; human monocyte-derived dendritic cells; 92
human PMN and monocytes
miR-21 LPS; C. parvum, Up P65; P50 Human biliary epithelial cells; gastric cancer cells; human 32,34, 35,85
nicotine peripheral blood mononuclear cells
miR-23b LPS; C. parvum Up P65 Human biliary epithelial cells 34,35
miR-27b LPS; C. parvum Up P65 Human biliary epithelial cells; human macrophages 26, 34, 35
miR-125b" LPS; C. parvum Up P65 Human biliary epithelial cells; human fibroblast-like 34, 35,93, 94
synoviocytes; LPS-tolerized THP1 cells
Down ND Mouse Raw 264.7 macrophage; mouse primary 58, 83, 92
macrophages; human monocyte-derived dendritic cells
miR-30b LPS; C. parvum Up P65 Human biliary epithelial cells 34,35
miR-16 Nicotine Up P65; P50 Gastric cancer cells 32
miR-301a TNF-o Up P65; P50 Pancreatic cancer cells 33
miR-155 LMP1; LPS; alcohol Up P65; P50 Human B cells; mouse macrophage cells; mouse Kupffer 27-29
cells; human PMN and monocytes
miR-9 LPS; TNF-o; IL-1B Up ND Human PMN and monocytes, macrophages 27
miR-29b TNF-o Down P65; YY1; SP1; HDAC3; Human myoblast cell; human acute myeloid leukemia cells 37,38
HDAC1
let-7i LPS; C. parvum Down P50; C/EBP-B; HDAC3 Human biliary epithelial cells 36

Abbreviations: C/EBP-B, CCAAT/enhancer-binding protein beta; C. parvum, Cryptosporidium parvum; HDAC1, histone deacetylase 1; HDAC3, histone deacetylase 3; LMP1,
Epstein—-Barr virus-encoded latent membrane protein-1; LPS, lipopolysaccharide; ND, not determined; PMN, polymorphonuclear neutrophil; SP1, specificity protein 1;

TNF-a, tumor necrosis factor-o; YY1, Yin Yang 1.
@The expression of miR-125 after TLR activation is still controversial now.
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mammals, three major MAPK pathways (MAPK/ERK, MAPK/JNK
and MAPK/p38 pathways) are closely linked with inflammation.
The activator protein 1 (AP-1) transcription factor is composed of
heterodimers of the c-Fos and c-Jun families and can be activated
through different MAPK pathways.’® The MAPK pathways regulate
miRNA expression not only at the transcription level but also at the
post-transcription level. Some AP-1-dependent miRNAs have already
been confirmed as listed in Table 2.

In addition to NF-«B signal pathway, it was reported that miR-21,
in human promyelocytic leukemia cells, is upregulated in response to
phorbol 12-myristate 13-acetate stimulation through c-Fos and c-Jun
binding to the miR-21 promoter.*’ Furthermore, miR-21 expression
has been shown to be AP-1-dependent in the stem-like side cell popu-
lations from various cancer cell lines.*' miR-146b is another identified
AP-1-dependent miRNA. It was reported that platelet-derived growth
factor regulates the expression of miR-146b via MAPK-dependent
induction of c-Fos binding to the AP-1 element in glioblastoma and
ovarian cancer cells.*> Activation of the MAPK signaling pathway also
induces transcription of mir-155 gene in different cell types in res-
ponse to various stimuli.?® Indeed, Yin et al. reported that induction of
miR-155 expression by B-cell receptor signaling occurs through the
extracellular MAPK/ERK and MAPK/JNK but not MAPK/p38 path-
way. The binding of transcription factors Jun-B and Fos-B (and pos-
sibly also c-Fos) to miR-155 promoter element has been demonstrated
upon B-cell receptor cross-linking.*> In addition to upregulation of
miRNAs, MAPK pathway is also involved in the downregulation of
miRNAs, for example, miR-99a.**

Post-transcriptional regulation of miRNA genes through
intracellular signaling

Following transcription, the primary miRNAs undergo two cleavage
steps to generate the mature miRNAs. The first cleavage is catalyzed in
the nucleus by the RNase III enzyme, Drosha. This enzyme is part of a
large multiprotein complex, which also includes DGCR8 (a double-
stranded RNA-binding protein) and several associated proteins such
as the DEAD-box helicases p68 (DDX5), p72 (DDX17) and numerous
heterogenous nuclear RNA complex (hnRNP) protein. After cropping
of the pri-miRNAs by Drosha, there is an additional processing by the
type III ribonuclease Dicer in the cytoplasm, resulting in the produc-
tion of mature miRNAs.'>*> Recent studies provide evidence that
intracellular signaling pathways may modulate the process of
miRNA maturation.

p68, p72 and hnRNPs. Because p68 and p72 are important compo-
nents of the large Drosha processing complex, regulation of their
expression or function by signaling pathways will modulate pri-
miRNA processing.*® Activation of the transforming growth factor-
B pathway promotes interactions between p68 and the SMAD
proteins, signal transducers of the transforming growth factor-8
family signaling cascade, facilitating processing of pre-miR-21.

Table 2 AP-1-dependent miRNAs

Ligand-specific SMAD proteins bind to the Drosha processing com-
plex subunit p68 to facilitate pre-miR-21 accumulation.*” These
results indicate that the association of p68/Drosha with accessory
factors, such as SMADs, may be important for the maturation of
miRNAs in response to extracellular stimuli. Although there is no
direct experimental evidence yet, we speculate that activation of
downstream signaling pathways of PRRs may modulate miRNA mat-
uration through similar mechanisms.

The family of hnRNPs may serve as accessory factors in the regu-
lated processing of a variety of miRNAs. Studies have shown that
hnRNP Al specifically binds to a miRNA cluster containing miR-
18a and facilitates Drosha-mediated processing of miR-18a, but not
the other members of the cluster.*® More recent studies showing that
hnRNP A1 binds specifically to the conserved terminal loop of the let-
7a precursor and blocks its Drosha-mediated processing in somatic
cells.*” Moreover, it has been reported that MAPK/p38 pathway can
phosphorylate hnRNP Al and thus, promotes the cytoplasmic trans-
location of hnRNP Al and associated miRNA maturation.>® Taken
together, these results imply that MAPK signal pathway may be
involved in the miRNA processing controlled by hnRNP Al.

The KH-type splicing regulatory protein (KSRP) and human immuno-
deficiency virus (HIV) TAR RNA-binding protein (TRBP). Besides
these accessory factors of the Drosha complex, other proteins may also
be involved in pri-/pre-miRNA maturation process. KSRP is a multi-
functional single-stranded RNA-binding protein which was recently
demonstrated to be involved in the maturation of a set of miRNA
precursors.”’ KSRP directly interacts with G-rich regions present
within the loop of a subset of miRNAs, promoting both Drosha-
and Dicer-mediated miRNA processing. LPS stimulation increases
the level of mature miR-155 in macrophages without significantly
altering the expression of its primary transcript. Further experimenta-
tion indicated that KSRP interacts with pri-miR-155, and knockdown
of KSRP prevents LPS-mediated increase of miR-155.7 It is well estab-
lished that MAPK/p38 signal pathway phosphorylates KSRP.”
Therefore, downstream signaling pathways of PRRs may modulate
the miRNA processing through KSRP association with Drosha or
Dicer.

TRBP is an integral component of the Dicer-containing complex.
The presence of TARBP2 frameshift mutations causes diminished
TRBP protein expression and a defect in the processing of miRNAs,
resulting in a global downregulation of mature miRNAs.>* Activation
of the MAPK/Erk pathway promotes phosphorylation of TRBP.
Expression of phospho-mimic TRBP and TRBP phosphorylation
enhanced miRNA maturation by increasing stability of the miRNA-
generating complex.> This study provided the first evidence showing
a direct connection between a cell signaling pathway and the core
miRNA machinery. Results of this study also suggest that other cellular
networks may target the miRNA pathway through interaction with
TRBP to carry out functional cellular responses. Indeed, a recent

miRNA Stimulus Alteration Transcription factors Cell lines Reference
miR-21 PMA,; ectopic expression of Up c-Fos; c-Jun Side population cells from various cancer cell 40,41, 95
HER2/neu lines; human breast cancer cell line; human
promyelocytic leukemia cell line
miR-155 B-cell receptor cross-linking Up FosB and JunB Human lymphoma cell 43
miR-146b The two PDGF ligands AA and BB Up c-fos Human glioblastoma and ovarian cancer cells 42
miR-99a The tyrosine kinase c-Src Down ND Human c-Src-transformed cells 44

Abbreviations: ND, not determined; PDGF, platelet-derived growth factor; PMA, phorbol 12-myristate 13-acetate.
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report by Melo et al. indicated that the small molecule, enoxacin (a
fluoroquinolone used as an antibacterial compound), enhances the
production of miRNAs by binding to TRBP.>®

REGULATION OF EPITHELIAL IMMUNE RESPONSES BY
MIRNAS

Targeting of innate immune effector molecules by miRNAs
miRNAs are predicted to regulate the translation of 50% all human
gene transcripts.” The usual consequence of miRNA and mRNA inter-
action is the downregulation of protein expression by translational
repression and/or mRNA cleavage.'® miRNA-regulated genes may
include those innate immune response genes and those that have been
experimentally validated are listed in Table 3. Some miRNAs relevant
to TLR/NF-kB/MAPK-mediated immune responses are also illu-
strated in Figure 1.

miRNAs as key regulators to epithelial immune responses

miRNAs may modulate epithelial immune responses at every step of
the innate immune network, including production and release of

Table 3 Validated targets of miRNAs relevant to the innate immunity
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cytokines/chemokines, expression of adhesion and costimulatory
molecules, shuttling of miRNAs through release of exosomes and
feedback regulation of immune homeostasis. Recent studies have also
revealed a few principles relevant to miRNA-mediated regulation in
epithelial immune responses, which will be integrated into the detailed
discussions below. Briefly, if a miRNA strongly inhibits translation of a
target at physiological conditions, downregulation of this miRNA may
be required for upregulation of this target at the protein level in epi-
thelial cells following immune stimuli. Some TLR/NF-kB-responsive
miRNAs are abundantly expressed in epithelial cells; and downregula-
tion of these miRNAs is required for an efficient translation of their
targets upon activation of the TLR/NF-kB pathway. Moreover, each
miRNA may have multiple targets and several miRNAs may target the
same mMRNA molecule. Therefore, miRNAs can modulate the coordi-
nated expression of immune response genes in epithelial cells in res-
ponse to immune stimuli. Finally, miRNAs may provide feedback
regulation to NF-kB signaling to maintain epithelial homeostasis.
Therefore, miRNAs act as critical regulators to the fine tuning of
epithelial immune responses.

miRNAs Targets Innate immune function Reference
miR-155 SOCS1 Positive regulation of host antiviral innate immune response by promoting type I IFN signaling 77
Regulation of endotoxin sensitivity and tolerance 92
TAB2 Negative regulation of inflammatory cytokine production in response to microbial stimuli 83
FADD, IKKe, Ripkl Increase translation of TNF-o 58
IL-13Ral Determining M2 phenotype in Macrophage 96
BACH1, ZIC3 Modulation of transcriptional regulatory factors 97
C/EBP-B Regulation of granulocyte CSF expression 98
MyD88 Negative regulation of Helicobacter pylori-induced inflammation 84
miR-146b TRAF6, IRAK1 Negative regulation of Toll-like receptor and cytokine signaling 25
miR-146a TRAF6, IRAK1 Negative regulation of Toll-like receptor and cytokine signaling 25
IL-8, RANTES Negative regulation of severe inflammation 30
miR-218 MAFG Regulation of the overall epithelial inflammatory response to tobacco smoke exposure 99
miR-203 SOCS3 Regulation of inflammatory responses and keratinocyte functions 100
miR-192 MIP-20. Regulation of inflammatory responses in chronic inflammatory bowel diseases 101
miR-132 p300 A negative effect on the expression of interferon-stimulated genes 81
miR-26a/miR-145/ IFN-B Negative regulation of innate immune response to viral infections 60
miR-34a/let-7b
miR-16 TNF-o; 1L-8 Enhancing cytokines/chemokines mRNA degradation 58
miR-17-3p ICAM-1 Negative regulation of neutrophil adhesion to endothelial cells 64
miR-31 E-selectin Negative regulation of neutrophil adhesion to endothelial cells 64
let-7i TLR4 Regulation of epithelial defense responses against C. parvum 78
let-7e TLR4 Regulation of endotoxin sensitivity and tolerance 92
miR-125b TNF-o Regulation of TNF-a translation 58
miR-98 CIS Modulation NF-xB activity 86
SOCs4 An inhibitory effect on phosphorylation of signal transducers and 102
activators of transcription proteins
miR-101 MKP-1 Positive regulation of the activation of MAPKs signal pathway 87
miR-9 NF-kB1 A feedback control of the NF-kB-dependent responses 27
miR-21 PDCD4 Negative regulation of TLR4 signaling 85
miR-126 TOM1 Positive regulation of IL-1B and TNF-a-induced signaling pathways 103
VCAM-1 Regulation of adhesion molecule expression 65
miR-222/miR-339 ICAM-1 Regulation of adhesion molecule expression 61
miR-221 ICAM-1 Regulation of the interaction between epithelia cells and T cells 63
miR-513 B7-H1 Regulation of cholangiocyte inflammatory response 66, 67

Abbreviations: BACH1, basic leucine zipper transcription factor 1; C/EBP-B, CCAAT/enhancer binding protein beta; CIS, cytokine-inducible Src homology 2; E-selectin,
endothelial-leukocyte adhesion molecule-1; FADD, Fas-associated death domain protein; H. pylori, Helicobacter pylori; ICAM-1, intercellular cell adhesion molecule 1;
IKKe, IkappaB kinase epsilon; IL-13Ral, IL-13 receptor a.1; IRAK1, IL-1 receptor-associated kinase 1 genes; MAFG, v-maf musculoaponeurotic fibrosarcoma oncogene
homolog G; MIP-1a, macrophage inflammatory protein 1alpha; MKP-1, MAPK phosphatase-1; MyD88, myeloid differentiation primary response gene 88; NF-kB1, nuclear
factor-kB1; PDCD4, programmed cell death 4; Ripk1, the receptor (TNFR superfamily)-interacting serine-threonine kinase 1; SOCS1, suppressor of cytokine signaling 1;
SOCS3, suppressor of cytokine signaling 3; SOCS4, suppressors of cytokine signaling 4; TAB2, P3K7-binding protein 2; TLR4, Toll-like receptor 4; TRAF6, TNF receptor-
associated factor 6; TOM1, target of myb1l; VCAM-1, vascular cell adhesion molecule 1; ZIC3, Zic family member 3.
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Regulation of epithelial expression of cytokines and chemokines. Based
on bioinformatics analysis, approximately 29% of cytokine/chemo-
kine mRNAs have potential target sites for miRNAs.”” Tili and collea-
gues first reported that miR-125b targets the 3’-untranslated region
(3" UTR) of the TNF-a transcript and suppresses TNF-o. transcription
in mouse Raw 264.7 macrophages.” Recent studies have also demon-
strated that miR-16 is a critical regulator of inflammatory responses.
Expression profiling has shown that miR-16 is abundantly expressed
in most cell types including epithelial cells. Intriguingly, miR-16
induces rapid degradation of RNAs which contain AU-rich elements
(AREs) in their 3" UTRs. The majority of cytokine and chemokine
mRNAs contain AREs within their 3° UTRs, such as TNF-o, IL-8 and
IL-6. miR-16-mediated degradation of mRNAs for cytokines/chemo-
kines requires the miRNA processing components, Dicer, Ago/eiF2C
family members and the ARE-binding protein, tristetraprolin, and
involves the interactions between miR-16 UAAAUAUU sequence
and AREs within 3" UTRs of targeted RNAs. It has been speculated
that the high level of miR-16 in inflammatory cells might restrict the
production of inflammatory mediators under non-stimulated condi-
tions.> Expression of interferon (IFN)-B, the main type I IEN cytokine
important to the initiation of innate responses in response to virus
infection, is also finely controlled by various miRNAs. It has been
experimentally confirmed that miR-26a, -34a, -145 and let-7b directly
regulate IFN-f production by targeting IFN-f 3" UTR. Importantly,
HIV and simian immunodeficiency virus infection decreases the
expression of these miRNAs in macrophages.®® Because the above
miRNAs are transcribed from different genes, it is plausible that mul-
tiple miRNAs from different gene loci may target the same mRNA,
providing coordinated regulation in host cells in response to microbial
challenge.

Regulation of epithelial expression of adhesion and costimulatory
molecules. miRNAs have recently been implicated in regulating the
expression of adhesion and costimulatory molecules critical to epithe-
lial cell-immune cell interactions. Vascular cell adhesion molecule 1,
endothelial-leukocyte adhesion molecule (E-selectin) and intercellu-
lar adhesion molecule 1 (ICAM-1) are common inducible adhesion
molecules in epithelial cells which play important roles in regulating
leukocyte trafficking during inflammation. miRNA targeting of
ICAM-1 was first reported in Dicer-disrupted cells by Ueda et al.
They reported that ICAM-1 expression was unregulated in the iso-
genic Dicer (ex5~"7) cells (cells that lack mature miRNAs). miR-222
and miR-339 target ICAM-1 and regulate its expression at post-tran-
scriptional level.! Recently, we confirmed that miR-221 can target
ICAM-1 3" UTR in human biliary epithelial cells. It appears that
downregulation of miR-221 is required for the induction of ICAM-
1 in biliary epithelial cells in response to IFN-y stimulation or C.
parvum infection. Given that miR-221 is the second most abundantly
expressed miRNA in human biliary epithelial cells,”> miR-221 may
assure the low basal expression of ICAM-1 protein in cells under
normal physiological conditions. The relief of miR-221-mediated
translational suppression may be necessary for the stimulated express-
ion of ICAM-1 during inflammation.®® Tt was recently also reported
that miR-31 and miR-17-3p target endothelial adhesion molecules, E-
selectin and ICAM-1, respectively. Interestingly, TNF-o induces
expression of miR-31 and miR-17-3p in endothelial cells and there-
fore, it has been speculated that miR-31 and miR-17-3p comprise a
negative feedback loop controlling TNF-a-associated inflammatory
responses in endothelial cells.®* miR-126 has recently been demon-
strated to suppress vascular cell adhesion molecule 1 expression and
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induction of miR-126 decreases leukocyte interactions with endothe-
lial cells.®®

B7-H1 is a key member of the B7 family of costimulatory molecules
important in regulation of immune response, in particular, T-cell
homeostasis. Expression of B7-H1 by epithelial cells in response to
microbial infection is tightly regulated to ensure an appropriate anti-
microbial immune response. Although expression of B7-H1 mRNA is
common in many cells, B7-H1 protein is usually undetectable, suggest-
ing post-transcriptional suppression. We recently showed that B7-H1 is
a target of miR-513 and miR-513 targeting may account for the absence
of B7-H1 protein in cells under non-stimulation conditions. Moreover,
downregulation of miR-513 is required for upregulation of B7-H1
protein level in human biliary epithelial cells following IFN-y stimu-
lation or microbial challenge, suggesting a role of miR-513 in regulating
biliary inflammatory responses through targeting of B7-H1.°>%

Shuttling of miRNAs through epithelial cell-derived exosomes. Exo-
somes are small (30-90 nm), extracellular vesicles derived from the
multivesicular body sorting pathway and are produced by a variety of
cells including epithelial cells. Cellular gene products, including pro-
teins, mRNAs and miRNAs, are packaged in exosomes and these mole-
cules can be transferred, by exosome secretion, to recipient cells.*871
Although the function of exosomes remains largely unknown, some
studies suggest that exosomes may be involved in a broad range of
biological processes, including stimulation of the immune system,
modulation of selected cellular activities, intercellular communication,
virus egression and immune evasion, and bacterial and viral sequest-
ration.®*”! Valadi and colleagues recently reported that vesicles released
from mast cell lines contain approximately 121 miRNA molecules.
Intriguingly, exosome-shuttled miRNA molecules can be delivered to
another cell type through uptake of these exosomes.®® Therefore, exo-
some-mediated transport of miRNAs may provide a novel mechanism
of gene regulation between cells. Ohshima et al. also showed that there
is the enrichment of let-7 miRNA family in the exosomes from AZ-P7a
cells.”" Given the importance of miRNAs in epithelial innate immune
responses, it would be interesting to determine if exosomes from epi-
thelial cells also carry miRNAs and thus modulate epithelial-immune
cell interactions and epithelial antimicrobial defense, via exosomal
delivery of miRNAs.

Regulation of epithelial antimicrobial defense. Cellular miRNA
expression is profoundly influenced by microbial infection, which
can be attributed to both host antimicrobial defenses and altering
the cellular environment to favor microbial replication. It was
reported that Dicer knockout mice are more susceptible to vesicular
stomatitis virus infection.”” miRNAs can directly target the microbial
genome to attenuate microbial replication. Host miR-24 and miR-93
have been reported to target viral large protein of vesicular stomatitis
virus.”” In hepatocytes (a type of epithelial cell in the liver), miR-196,
miR-296, miR-351, miR-431 and miR-448 directly influence hepatitis
C virus genomes to downregulate viral accumulation.”® Ahluwalia and
colleagues identified that miR-29a can specifically target the 3" UTR
region of HIV-1 RNAs.”* Several other miRNAs, including miR-28,
miR-125b, miR-150, miR-223 and miR-382, are also capable of inhib-
iting HIV-1 replication via binding to sequences located within the
viral genome.””> Host miR-32 was reported to limit the retrovirus
primate foamy virus type 1 replication in 293T cells.”® Besides influ-
encing the replication of viruses, miRNAs also can alter cellular pro-
teins to increase host antimicrobial innate immune response.
Recently, Wang et al. identified that RNA virus infection induces



miR-155 expression in macrophages. Upregulation of miR-155 pro-
vides positive feedback regulation to host antiviral innate immune
response by promoting type I IFN signaling via targeting suppressor
of cytokine signaling 1 (SOCS1).””

Our recent studies indicate that activation of NF-«xB signaling in
epithelial cells regulates transcription of miRNA genes to orchestrate
host anti-C. parvum immune responses through modulation of
miRNA-mediated post-transcriptional suppression. Distinct altera-
tions in the miRNA expression profile were detected in epithelial cells
following C. parvum infection.”® Activation of NF-kB signaling reg-
ulates transcription of a subset of miRNA genes in infected cells.
Functional manipulation of several NF-kB-dependent miRNAs
(e.g., miR-27b and let-7i) in epithelial cells influences C. parvum infec-
tion burden in vitro, raising the possibility that these miRNAs may
directly regulate production of antimicrobial molecules important
to epithelial anti-microbial defense.’*”® However, the molecular
mechanisms by which C. parvum-responsive miRNAs modulate
epithelial anti-C. parvum defense are largely unclear. Various
immune-related genes are identified as potential targets for these C.
parvum-responsive miRNAs using computational analyses. Never-
theless, no complementarity to IFN-y or anti-microbial peptide
mRNA has been identified for these miRNAs.

Interestingly, miRNA-mediated posttranscriptional suppression
appears to be hijacked by some virus to create a more favorable intra-
cellular environment for microbial replication. It was reported that
miR-122, a liver-specific miRNA, binds to hepatitis C virus genomes
and positively regulates hepatitis C virus RNA accumulation in
hepatocytes.”” Additionally, Epstein-Barr virus infection induces
miR-146a expression, resulting in suppression of the IFN-mediated
antiviral function,” while it is proposed that miR-155 contributes to
Epstein—Barr virus immortalization through modulation of NF-xB
signaling.®® Furthermore, it was recently reported that CREB-induced
miR-132 is highly upregulated after herpes simplex virus and human
cytomegalovirus infection, resulting in a negative effect on the express-
ion of IFN-stimulated genes and facilitating viral replication.®!
Decreased miRNA expression has also been implicated in efficient
HIV-1 replication. Indeed, HIV-1 infection suppressed miR-17/92
expression. Decreased expression of miR-17/92 cluster resulted in
increased histone acetyltransferase Tat cofactor (p300/CBP-associated
factor) expression and hence viral replication.®

Feedback regulation of epithelial immune responses. Inflammation,
while an essential physiological response to insult or injury, is poten-
tially injurious to host tissues and is therefore a highly regulated pro-
cess. A variety of extracellular and intracellular feedback pathways
have evolved to prevent an inappropriate inflammatory response.”*
Accumulating data suggest that miRNAs are also essential compo-
nents in the feedback regulation of epithelial immune responses.
Some miRNAs may act as negative regulators, while other miRNAs
may provide positive feedback regulation.™®

The miR-146 family is composed of two members, miR-146a and
miR-146b. Evidence showing that miR-146a and miR-146b might be
involved in the feedback regulation of innate immune response was
first provided by Taganov et al. Targets of miR-146 include IL-1
receptor-associated kinase 1 (IRAK1) and TNF receptor-associated
factor 6 (TRAF6).% IRAK1 and TRAF6 are known to be part of
TLR/NF-kB signaling pathway. Therefore, upregulation of miR-146
following LPS stimulation could provide a negative feedback regu-
lation to inhibit TLR/NF-xB signaling in macrophages and mono-
cytes.”® Increased miR-146a was also confirmed in alveolar epithelial
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cells and shown to negatively regulate IL-1B-induced IL-8 and
RANTES.” Significantly, this negative feedback was only seen at high
IL-1P concentrations, which indicated that this might be an important
mechanism during severe inflammation.”

miR-155 is another miRNA which plays an important role in the
feedback regulation of innate immune response. Studies showed that
miR-155 exerts both positive and negative feedback regulations of the
immune response depending on different cell types. Tili et al. showed
that miR-155 enhances TNF-a translation by targeting a series of
proteins of the NF-kB signaling components, such as Fas-associated
death domain protein, IKKe, the receptor (TNFR superfamily)-
interacting serine-threonine kinase 1.°® Moreover, overexpression
miR-155 in B cells increases the level of serum TNF-o and enhances
cellular susceptibility to septic shock.”® On the other hand, a recent
report by Ceppi et al. demonstrated that miR-155 is a part of a negative
feedback loop that downmodulates inflammatory cytokine produc-
tion in mature human Dendritic cells in response to microbial stim-
uli.®® Their data showed that miR-155 directly controls the level of
MAP3K?7 binding protein 2 (TAB2), an important signal transduction
molecule, and thus provides negative feedback regulation to inhibit
TAB2-associated gene transcription. More recently, Tang et al. iden-
tified that MyD88 is a novel target of miR-155 and suppression
of MyD88 through induced expression of miR-155 attenuates
Helicobacter pylori-induced inflammation.®*

miR-21 may also act as a negative regulator of TLR4 signaling
through targeting of PDCD4. It was reported that LPS decreases
expression of PDCD4 through induction of miR-21, resulting in sub-
sequent inhibition of NF-«B signaling activity and promotion of IL-10
production in human peripheral blood mononuclear cells.*” Similarly,
targeting of PDCD4 by miR-21 was shown to influence tumor necrosis
factor-induced activation of NF-«B. Similarly, miR-9 targets NFKB1,
a transcriptional regulator with a key role in the TLR/NF-«B signaling
pathway, and consequently, forms an inhibitory regulatory circuitry
controlling cell inflammatory responses.*”

Other miRNAs may exert positive feedback regulation to innate
immune response. We recently demonstrated that miR-98 and let-7
target the cytokine-inducible Src homology 2-containing protein
(CIS), one member of the suppressors of cytokine signaling family
of proteins that acts as an important negative regulator of inflammat-
ory cytokine signaling. LPS stimulation and C. parvum infection
induces CIS expression in human biliary epithelial cells through
TLR/NF-kB-suppressed expression of miR-98 and let-7. Induction
of CIS expression enhances IkBa degradation promoting NF-xB
activation.®® In addition, TLR-dependent induction of miR-101
appears to provide a positive feedback loop to facilitate TLR-mediated
immune responses through miR-101-mediated suppression of MAPK
phosphatase-1, an inhibitory regulator to TLR signaling.®”

CONCLUSION AND PERSPECTIVES

The miRNA-target mRNA interactions are very complex. It has been
proposed that a single miRNA can repress hundreds of target tran-
scripts and multiple miRNAs may target the same transcript. Such
redundant functions of miRNAs add additional complexity to the
regulatory networks with multiple pathways and feedback control of
epithelial immune responses. New technologies will help to identify
miRNA targeting globally, such as cross-linking argonaute/RNA
immunoprecipitation, proteomic approaches and high-throughput
sequencing assays.*® % The development of miRNA knockouts has
greatly advanced our understanding of miRNA-mediated immune
responses in vivo. Meanwhile, new in vivo delivery methods are being
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introduced to assess miRNA targeting and miRNA function, such as
AAV8-mediated miRNA delivery.%’91 In addition, identification of
miRNAs of major pathogenic significance in persistent inflammatory
reactions of the skin and at mucosal sites could provide rationale for
the design and implementation of new immunotherapeutic strategies
for treatment of these diseases. Unraveling the regulatory functions of
miRNAs in epithelial biology is still in its infancy, but will likely yield
new insights into our understanding of epithelial immunobiology and
immunopathology.
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