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The mammalian intestinal tract is a unique site in which a large portion of our immune
system and the 10 commensal organisms that make up the microbiota reside in intimate
contact with each other. Despite the potential for inflammatory immune responses, this
complex interface contains host immune cells and epithelial cells interacting with the
microbiota in a manner that promotes symbiosis. Due to the complexity of the cell types
and microorganisms involved, this process requires elaborate regulatory mechanisms to
ensure mutualism and prevent disease. While many studies have described critical roles
for protein regulators of intestinal homeostasis, recent reports indicate that non-coding
RNAs are also major contributors to optimal host-commensal interactions. In particular,
there is emerging evidence that microRNAs (miRNAs) have evolved to fine tune host
gene expression networks and signaling pathways that modulate cellular physiology in
the intestinal tract. Here, we review our present knowledge of the influence miRNAs have
on both immune and epithelial cell biology in the mammalian intestines and the impact this
has on the microbiota. \We also discuss a need for further studies to decipher the functions
of specific MiRNAs within the gut to better understand cellular mechanisms that promote
intestinal homeostasis and to identify potential molecular targets underlying diseases such

as inflammatory bowel disease and colorectal cancer.
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INTRODUCTION

A major goal of the biomedical research community is to
understand mechanisms that regulate the gut immune system
in a manner that maintains homeostasis, despite the presence
of trillions of bacteria and other microorganisms that reside on
and within the host. Gut homeostasis is defined by a proper
balance of pro-inflammatory responses against harmful and/or
invading microbes while tolerating non-invasive and beneficial
microbes (Hooper and Macpherson, 2010). During this state,
healthy proportions of commensals, tolerant immune cells, and
pro-inflammatory host cells interact closely with one another.
However, if this balance is disrupted, either by changes to
the composition of the gut microbiota or by alterations to the
host response, diseases can emerge (Round and Mazmanian,
2009).

In order to maintain homeostasis, the host intestinal mucosa
contains distinct regions consisting of various cell types necessary
to respond to antigens in an appropriate manner (Hooper and
Macpherson, 2010; Figure 1). These regions include: the outer and
inner mucus layers, in which invading microbes become trapped to
prevent spread of infection (Johansson etal., 2011); the epithelial
layer, in which physical and chemical barriers are formed to pre-
vent dissemination of bacteria into underlying tissues (Goto and
Ivanov, 2013; Peterson and Artis, 2014); the lamina propria (LP),
a leukocyte-rich region that lies underneath the epithelium, hous-
ing cells that respond to microbial signals (Duerkop etal., 2009);
and other immune cell-containing gut-associated lymphoid tis-
sues (GALT) such as Peyer’s Patches and mesenteric lymph nodes.
Immune cell-rich gut tissues contain a diverse set of cell types,
both hematopoietic and non-hematopoietic-derived, that play a

role in maintaining healthy interactions with the resident micro-
biota. Some of these cell types are unique to the intestines and
many have distinct functions within the GI tract. Several of these
gut cells have been demonstrated to be required for providing both
defense against pathogens and tolerance to commensals in order
to prevent disease.

The gut microbiota itself heavily influences proper develop-
ment and function of the intestinal immune system (Round and
Mazmanian, 2009; Hooper etal., 2012; Ivanov and Honda, 2012).
Indeed, germ-free mice display developmental defects within
GALT and intestinal epithelial cells (IECs). One mechanism by
which the microbiota can influence intestinal immune cells is
via surface and cytoplasmic receptors called pattern recognition
receptors (PRRs) that recognize conserved microbial motifs on
both pathogens and commensals. PRR detection of microbial
products initiates a variety of immune responses and developmen-
tal pathways. One class of PRRs is the toll-like receptors (TLRs),
which signal primarily through the adaptor protein MyD88 to
activate master transcription factors such as NF-kB. In some
cases, gut microbial recognition by the host leads to proin-
flammatory responses resulting in increased gut inflammation
(Ivanov et al., 2009). In other situations, activation of cell surface
receptors by commensal products induces tolerogenic responses
(Round etal., 2011; Smith etal., 2013). Additionally, recogni-
tion of commensal and food molecules by PRRs is essential
for the maintenance of intestinal homeostasis (Rakoff-Nahoum
etal., 2004; Abreu, 2010). This demonstrates the importance of
host-commensal interactions in proper immune function and
overall host physiology. While PRRs are but one mechanism
thought to influence homeostasis, many of the molecular events
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FIGURE 1 | MicroRNAs play important roles within the complex
intestinal immune system. They can be expressed within hematopoietic
cells in response to inflammatory signals from pattern recognition receptors
(PRR) and antigen receptors (AR). In this way, miRNAs can regulate immune
responses, including secretion of cytokines, chemokines, and antibodies, all
of which affect intestinal homeostasis. Within intestinal epithelial cells (IECs)
and other non-hematopoietic intestinal cells, miRNAs are expressed in and
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regulate pathways involved in secretion of antimicrobial peptides, cell
renewal, and barrier permeability, among others. They also may mediate host
responses to microbial metabolites, which signal to host cells via metabolite
receptors (MR). Many immune signals that induce miRNAs and immune
responses within the gut come from the microbiota. Altered commensal
populations may mediate different miRNA responses and functions within the
intestinal tract.

that mediate crosstalk between host cells and microbiota remain
enigmatic.

MicroRNAs (miRNAs) have recently emerged as important
mediators of immune development and responses. miRNAs are
short (21-25 nucleotide), non-coding RNA molecules that are
most commonly transcribed by RNA polymerase II and pro-
cessed by proteins such as Drosha and Dicer (Winter etal., 2009).

In their mature, RNA-induced silencing complex (RISC)-bound
form, miRNAs bind to and downregulate expression of target
mRNAs by degradation and/or blocking of translation. miRNAs
have been demonstrated to regulate immune responses by modu-
lating gene expression of immune-related genes. In this way, they
modulate the balance between effective inflammatory responses
to foreign entities and proper resolution of inflammation to
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prevent tissue damage. More than 100 miRNAs are expressed
within leukocytes (O’Connell etal., 2010), and many of these
miRNAs have multiple targets within immune-related pathways,
consistent with an important role in the immune system (Bal-
timore etal., 2008; Lindsay, 2008; O’Connell etal., 2010, 2012;
Chen etal., 2013). Some of the most well-studied miRNAs in the
immune system include miR-155, miR-146a, miRs-17~92, and
miR-181a (Baltimore etal., 2008). Many of these miRNAs regu-
late key signaling pathways such as Jak/Stat, TLR/MyD88, NF-kB,
and Akt, which are essential for immune responses (O’Connell
etal,, 2012). Some miRNAs, such as miR-155, target negative
regulators of the immune response to promote inflammation.
Conversely, others, like miR-146a, target positive regulators of
immunity to promote tolerance and resolution of responses.
Despite the large amount of work done over the past decade, notall
targets and functions of miRNAs in the immune system, includ-
ing well-studied miRNAs, have been worked out. Furthermore,
even less is known about miRNAs within the intestinal immune
system.

microRNAs modulate expression of genes involved in micro-
bial recognition and downstream immune activity, and thus may
play an important role within the intestinal immune system
during its interactions with the gut microbiota. Their expres-
sion in various intestinal cell types, including hematopoietic-
derived leukocytes, IECs, and other specialized gut cell types
points to a role in mediating homeostasis with commensal
microbes and overall intestinal health (Figure 1). These non-
coding RNAs function as rheostats to the immune response as
opposed to binary switches as they act to adjust the magni-
tude of gene expression. miRNAs also work in feedback loops,
ensuring that the immune system does not produce inappropri-
ately strong responses while also promoting protective immunity
when needed. In this way, miRNAs themselves can be considered

mediators of homeostasis within the immune system as they
act to buffer inflammation. Immune processes within the GI
tract are coordinated differently when compared to other sites
in the body as a result of regulatory mechanisms required to
handle the constant exposure to microbes. Intestinal homeosta-
sis is sensitive to even small disruptions, and therefore miRNAs
make excellent candidate molecules for fine-tuning responses at
this sensitive site. Multiple studies are beginning to demonstrate
the importance of miRNAs within the intestine and identifying
how the microbiota influences miRNA expression and function
within the GI tract; some of this work will be reviewed here
(Table 1).

miRNAs IN HEMATOPOIETIC-DERIVED GUT IMMUNE CELLS

The function of miRNAs within hematopoietic-derived immune
cells has been well-studied, and it is now clear that miRNAs
are deeply integrated into the molecular networks that govern
mammalian immune responses (Lindsay, 2008; O’Connell etal.,
2010, 2012; Chen etal., 2013). However, relatively few studies
have examined the functions of miRNAs in leukocytes within
the GI tract, where unique subsets of immune cells are known
to reside. Recent investigations indicate that miRNAs also play
important roles in hematopoietic cells within the intestines. For
example, miR-155 was found to be required for protection during
mucosal infection by the intestinal pathogen Citrobacter rodentium
(Clare etal., 2013). miR-155-deficient mice displayed a higher
pathogen burden within the gut, a delayed ability to clear the
bacteria, and a worsened colitis phenotype as a result of infec-
tion. Interestingly, this phenotype was attributed to a defective
intestinal humoral response due to a loss of miR-155 in B cells.
This study demonstrates that miR-155 regulates gut B cells in a
manner similar to its functions in B cells found in other microen-
vironments (Thai etal., 2007; Vigorito etal., 2007); however, a

Table 1 | Selected summary of studied miRNAs and their roles in the intestinal immune system, reviewed in this paper.

miRNA Intestinal role or effect Compartment miRNA target(s) Reference
and/or cell types involved
miR-155 Induced by TGFB, decreased IL-2 and IFNy expression LPT cells InducibleT cell Das etal. (2013)
in lamina propria kinase (ITK)
miR-29 Decreased IL-23/Th17 gut responses, protected from Dendritic cells IL-12p40 Brain etal. (2013)
colitis
miR-10a Maintained Treg lineage and prevented plasticity to Peyer's patch T cells Bcl6 Takahashi etal. (2012)
otherT cell subsets
miR-146a Reduced inflammation during intestinal ischemia Intestinal epithelial cells IRAKI Chassin etal. (2012)
reperfusion injury
miR-122 Increased intestinal permeability when induced with Intestinal epithelial cells Occludin Ye etal. (2011)
TNFa
miR-124 Associated with protection from pediatric UC Human colonocytes Stat3 Koukos etal. (2013)
miR-21 Overexpressed in intestinal disease, knockout mice Whole murine colon Unknown Shi etal. (2013)
protected from colitis
miR-143/ Intestinal epithelial regeneration following tissue Mesenchymal cells Igfbp5 Chivukula etal. (2014)
mIR-145 injury (DSS)
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different study displayed a unique role for miR-155 in the gut.
Upon exposure to TGFf, miR-155 was found to be significantly
upregulated in LP T cells, contrasting with only a modest induc-
tion of miR-155 when peripheral T cells were treated with TGFp
(Das etal., 2013). Additionally, while miR-155 is known to pro-
mote inflammatory responses in many contexts, Das etal. (2013)
observed immune-inhibitory effects of miR-155 in LP T cells, as
evidenced by their intrinsic downregulation of both IL-2 and IFNy
expression upon induction of miR-155 by TGFf. Importantly,
gain and loss of function approaches revealed that miR-155 is
indeed a repressor of these cytokines in LP T cells and identified
a prominent target of miR-155 in LP T cells as inducible T-cell
kinase (ITK), which normally promotes development and effec-
tor function of T cells. This work provides evidence that miR-155
may function uniquely within intestinal LP T cells, in contrast
to its well-studied roles in T cells found at other anatomical
locations.

A unique role for miR-29 was recently demonstrated in den-
dritic cells of the intestine. In this study, the intracellular pattern
recognition receptor NOD2 induced expression of miR-29 in den-
dritic cells (Brain etal., 2013). miR-29 was found to directly target
IL-12p40, which led to the downregulation of IL-23 and Th17
responses in the gut. Consequently, mice lacking miR-29 dis-
played worsened microbial-dependent colitis compared to WT
controls. These data characterized a gut-specific role for miR-
29, which had previously been shown to target genes involved
in proliferation, differentiation, and fighting bacterial infections
(Ma etal., 2011). These findings provide additional evidence that
miRNA functions can be unique within the intestinal microen-
vironment compared to their functions in peripheral sites, and
this may also involve their expression and function in distinct cell
types.

miR-10a, a miRNA largely involved in embryonic development
(Lund, 2010), has also been shown to play a distinct role within
in the gut. In Peyer’s Patches, which are located throughout the
small intestine, miR-10a was highly expressed within regulatory
T cells (Tregs; Takahashi etal., 2012). Expression of this miRNA
within inducible Tregs in the Peyer’s Patch constrained their plas-
ticity and prevented conversion into T follicular helper (Tth) cells.
Takahashi et al. (2012) demonstrated that miR-10a maintained the
Treg lineage within the GALT by targeting and downregulating the
Tfh master regulator gene, Bcl6. The biological significance of
miR-10a function within Peyer’s Patch Treg cells appears to be the
maintainance of tolerance, and mutations that impair this func-
tion may predispose individuals to intestinal disease. Future work
will determine if the role of miR-10a in preventing Treg plastic-
ity is unique to gut-expressed Tregs or broadly applicable to Tregs
found at extra-intestinal sites.

Altogether, relatively few studies have examined gut-specific
roles of well-known hematopoietic miRNAs, potentially due to
assumption that their known functions in peripheral sites will
carry over into the GI tract. While this may be true in some cases,
it is possible that expression levels, targets, and the overall func-
tions of miRNAs are distinct in the intestine versus extra-intestinal
sites in the body. Furthermore, miRNAs that appear to play little or
no roles in the systemic immune system may prove to have exclu-
sive functions in unique populations of leukocytes within the gut.

Because hematopoietic-derived immune cells interact heavily with
the microbiota within the intestinal environment, understanding
the roles of miRNAs within gut leukocytes will be key to under-
standing molecular pathways in which the host and microbiota
interact, and this may differ from how a given miRNA functions
in extra-intestinal sites.

miRNAs IN NON-HEMATOPOIETIC-DERIVED GUT CELLS
Intestinal epithelial cells (IECs) are now recognized as non-
hematopoietic cells that exhibit immunological functions, includ-
ing the ability to directly recognize microbial products via PRRs
(Vaishnava etal.,, 2008) and to secrete mucus (goblet cells)
and antimicrobial peptides (paneth cells) in response to these
microbes. As miRNAs regulate many immunological and develop-
mental pathways, they may have significant functional relevance
within IECs.

Generally, disruption of miRNA processing pathways in the
intestinal epithelium results in susceptibility to intestinal infec-
tion. This was demonstrated through the specific deletion of
Dicerl within IECs in mice (Dicer1!9P/1oxP; viillin-Cre, referred
to as Dicer]l AIEC mice; McKenna etal., 2010; Biton etal., 2011).
As Dicer is required for the processing of miRNAs into their
mature form, its deletion abolishes miRNA function. These
studies found that the deletion of Dicer from IECs results in
mice with impaired growth, metabolism, and water retention.
Additionally, Dicerl AIEC mice displayed a reduction in goblet
cells, an increase in infiltrating inflammatory immune cells,
and disorganized intestinal architecture. These mice also had
increased intestinal permeability, decreased mucus production,
and decreased Th2 cytokines and factors (Biton etal., 2011). Con-
sequently, Dicerl AIEC mice were more susceptible to Tricuris
muris infection and displayed IBD symptoms and inappropri-
ate Th1 responses during infection. Finally, Biton etal. (2011)
revealed that miR-375 was a critical IEC-expressed miRNA that
was required for proper IEC differentiation and that it medi-
ated communication with T cells to induce Th2 responses when
appropriate.

One miRNA that appears to have similar targets in IECs as
compared to other hematopoietic cell types is miR-146a. miR-
146a directly targets essential TLR downstream signaling genes
including TNF receptor associated factor 6 (TRAF6) and inter-
leukinl receptor-associated kinase 1 (IRAK1) to downregulate
inflammation (Boldin etal., 2011; Zhao etal., 2011, 2013). In
a mouse model of intestinal ischemia/reperfusion (I/R) injury,
Chassin etal. (2012) showed that IEC expression of IRAK1 led to
increased inflammation and tissue damage. When miR-146a was
induced in IECs in vitro, expression of inflammatory chemokines
and the effects of hypoxia were reduced. In vivo, miR-146a
was directly injected into mice or its expression induced by
DIM, and mice showed reduced disease and inflammation dur-
ing I/R injury due to miR-146a targeting and downregulating
expression of IRAK1 in IECs. Utilizing conditional knockout
mice to examine the roles of IRAK1 and miR-146a specifi-
cally in IECs during this intestinal injury model, as well as
in other intestinal disease models, would bring about further
understanding of the cellular basis of miR-146a function in
the gut.
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microRNAs within non-hematopoietic cells may also a play a
role in the development of and protection from intestinal can-
cers. The epithelium requires proper signaling mechanisms for
normal development, differentiation, renewal, and repair of the
intestinal tissue (Chivukula etal., 2014). Many of these signaling
pathways require regulation by miRNAs, and colorectal cancer
(CRC) can arise if dysregulated. One study found that miR-143
and miR-145, which are abnormally expressed during human
CRC, are required for proper regeneration of IECs (Chivukula
etal., 2014). When miRs 143 and 145 were deleted, mice were
unable to undergo proper intestinal renewal and wound healing.
The authors found that these miRNAs were expressed specifically
within the intestinal mesenchyme and that deletion of miRs 143
and 145 from mesenchymal tissue resulted in a similar pheno-
type. Consistent with this, these miRNAs were found to target
IGFBP5, an inhibitor of IGF signaling, which is required for
regeneration of IECs. Thus, miRNAs expressed specifically within
non-hematopoietic-derived mesenchymal cells are required to
maintain intestinal regeneration and their dysregulation could
result in improper growth and proliferation, potentially giving
rise to intestinal cancers.

Another example, in which known miRNA functions are rele-
vant in IECs, is the interplay of the RNA-binding protein LIN28
and the Let7 family of miRNAs. Let7 miRNA processing has been
shown to be inhibited by LIN28 in models of cellular repro-
gramming, growth, and oncogenesis (Viswanathan and Daley,
2010). One group examined this interaction in the context of
the intestine and found that overexpression of LIN28B in IECs led
to abnormal intestinal architecture, crypt expansion, Paneth cell
loss, and formation of intestinal tumors. (Madison etal., 2013).
A similar phenotype was seen in miR-Let-7c2 and Let-7b defi-
cient mice, indicating a disease-promoting role of LIN28B in
targeting and degrading these miRNAs. Expression of Let-7 in
the intestine reversed the hyperplasia and Paneth cell loss seen in
the LIN28B overexpressing mice. This study indicates that Let-7
miRNAs are important for preventing overgrowth of IECs down-
stream of the oncogenic RNA-binding protein LIN28B. Expression
or modulation of this miRNA family could either prevent or cause
CRGCs.

The ability of IECs to form tight junctions is important in
creating an effective barrier between the host and commensal
microbiota. Defective intestinal tight junction barriers are seen in
IBD and other intestinal diseases and result in increased inflam-
mation (Ye etal., 2011). Recently, miRNAs have been shown
to play a role in regulating intestinal epithelial tight junction
permeability. For example, Dicer] AIEC mice showed decreases
in cells expressing the epithelial tight junction protein, claudin,
and a weakened barrier (McKenna etal., 2010). In another
study, stimulating IECs with TNFa in vitro led to increased
expression of miR-122 (Ye etal., 2011). miR-122 directly targets
occludin mRNA, which encodes a protein that forms intestinal
tight junctions. Thus, expression of miR-122 increased intestinal
epithelial permeability. Mice overexpressing miR-122 displayed
decreased intestinal barrier function as a result of downregulated
occludin expression. In this way, miR-122 may be a valid target
in diseases involved in intestinal barrier and permeability, such
as IBD.

Altogether, miRNAs play pivotal roles in IECs and other
non-hematopoietic-derived intestinal cells, which can contribute
to the protection of the host tissue from pathogenic invaders and
disease. As common immunological pathways are essential within
IECs, miRNAs that regulate these pathways also have relevance
within these non-hematopoietic cells. For example, conditional
deletion of the TLR adaptor protein MyD88 within IECs resulted in
loss of barrier function and defective immunity from commensal
bacteria (Vaishnava et al., 2011; Frantz et al., 2012). Thus, miRNAs
that have known targets in immune signaling pathways down-
stream of MyD88 can also play important regulatory roles within
IECs. Generally, based on the above studies and others, the expres-
sion and function of miRNAs within non-hematopoietic cells of
the intestinal immune system play a large role in maintaining
intestinal homeostasis.

GUT MICROBIOTA AND miRNAs

In discussing the functions and features of the mammalian
intestine, one cannot ignore the large contribution to host phys-
iology by the gut microbiota. It is estimated that approximately
one hundred trillion commensal organisms reside within the
human GI tract (Phillips, 2009; Hooper and Macpherson, 2010).
These microbes are extremely diverse in their taxonomy, com-
munities, and functions. The gut microbiota communicates
directly with the host via the production of metabolites, pep-
tides, and other signaling molecules. MiRNA expression by the
host may play a significant role in determining how microbiota-
produced signals are received by the host, and miRNAs may
balance the fine line between maintaining an effective barrier
and preventing inappropriate inflammation in response to the
microbiota.

It is known that the microbiota modulates expression of
host genes, as expression profiles of WT germ-free (GF) mice
are markedly different from WT specific pathogen free (SPF)
mice (El Aidy etal., 2013). New studies are beginning to exam-
ine whether this communication between host and microbiota
involves miRNAs. In one such study, GF mice were colonized with
microbiota from SPF mice and their miRNA profile was exam-
ined via microarray (Dalmasso etal., 2011). Nine miRNAs were
differentially expressed in the ileum and colon of SPF-colonized
compared with uncolonized GF mice. This differential expression
of miRNAs within the mouse gut was predicted to alter the expres-
sion of hundreds of miRNA target genes. For example, miR-665,
which was downregulated in SPF-colonized mice compared with
GF mice, targeted the Abcc3 gene (an ATP-binding cassette trans-
porter) in the colon. In a similar study, the differences in miRNA
expression within the cecum between GF and SPF mice were
examined (Singh etal., 2012). Sixteen miRNAs were expressed dif-
ferentially between GF and SPF mice. Upon analyzing networks of
genes involved in intestinal barrier function that may be regulated
by these miRNAs, the authors propose that the gut microbiota
modulates host miRNA genes, which then target and regulate the
intestinal barrier.

In another investigation, the role of the microbiota in regu-
lating host miRNA expression was examined in the context of
Listeria monocytogenes infection (Archambaud etal., 2013). GF
mice had a greater Listeria burden when compared to infected
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SPF mice in multiple tissues. The authors hypothesized that
these higher bacterial counts were due to the lack of micro-
biota, which prime host immune responses via changes in gene
expression. They performed gene expression analysis of protein-
coding and miRNA genes in SPF and GF infected and uninfected
mice and observed that five miRNAs were downregulated in SPF
mice during infection but not in GF mice. These included miR-
378 and miR-200c. The downregulation of these miRNAs due to
the presence of microbiota led to increased expression of sev-
eral protein-coding genes that were predicted targets of these
miRNAs. Using the set of differentially expressed target mRNA
and their corresponding miRNAs, the authors revealed a miRNA-
mRNA network in which microbiota-mediated miRNA expression
primed the intestinal immune system to strengthen the barrier and
combat Listeria infection. Additionally, the authors defined the ten
miRNAs, including miR-143 and miR-215, that are most highly
expressed within the ileum of SPF and GF mice before and dur-
ing infection. These miRNAs may be considered ileal “signature”
miRNAs.

While the above studies highlight potential roles for specific
miRNAs in host-microbiota interactions, further investigation is
necessary to reconcile differences between the studies and to find
consensus miRNAs that may be more significantly involved in
crosstalk between host gut tissue and the microbes that reside in
this locale. So far, studies have examined miRNA expression pro-
files within varied intestinal sections; the microenvironments of
these sections are largely different when compared to one another.
Furthermore, these tissues contain a heterogeneous population of
cells, which may not reveal miRNAs involved in host-microbial
interactions within specific intestinal cell types. Utilizing cell sort-
ing and RNA-sequencing to analyze gene expression may identify
miRNAs that are differentially expressed within specific and/or
rare gut cell types upon exposure to microbes. Additionally, further
experimentation is necessary to understand cellular mechanisms
and biological importance of the candidate miRNAs uncovered in
these studies.

Some work has also been done to begin defining specific
mechanisms by which miRNAs are induced by products of the
microbiota. In one such investigation, expression of a subset of
miRNAs was downregulated in human colon cells treated with
butyrate, a beneficial short-chain fatty acid (SCFA) derived from
commensal bacteria (Hu etal., 2011). These miRNAs, particu-
larly those of the miR-106b family, were conversely expressed at
high levels in colons of human colon cancer patients. Butyrate
blocked expression of the miR-106b family to allow for increased
expression of p21 in a miRNA-dependent manner. p2l is a
cell cycle arrest protein important in preventing various can-
cers. Importantly, miR-106b reversed the anti-proliferative effects
of butyrate via direct targeting of p21. Thus, a product of the
microbiota regulates gene expression of host miRNAs to prevent
colonic disease and cancer. The cellular mechanism by which
butyrate directly modulates miRNA gene expression has yet to
be investigated.

Another study demonstrated that miR-10a is highly expressed
in the intestines and can be modulated by the gut microbiota
through TLR signaling on dendritic cells, which suppresses expres-
sion of miR-10a (Xue etal., 2011). In experiments characterizing

relevant targets and pathways, miR-10a directly targeted and
downregulated expression of IL-12/23p40, an important cytokine
for innate inflammatory responses in the GI tract. Mice with
colitis had decreased expression of miR-10a and thus high lev-
els of 1L-12/23p40. In this instance, the microbiota signals to
the host to downregulate expression of miR-10a, which targets
a portion of host innate immunity. Another miRNA, miR-107,
targeted a component of the IL-23 receptor, IL-23p19 (Xue etal,,
2014). Like miR-10a, the expression of miR-107 was downreg-
ulated by the microbiota, as GF mice showed high levels of
miR-107, which was decreased following microbial colonization.
Mice with colitis displayed low levels of miR-107 and high levels of
IL-23p19, indicating the importance of this miRNA in downregu-
lating inflammation in response to commensals. Proper crosstalk
between the gut microbiota and miR-107 in intestinal immune
cells, which targets IL-23p19, can play a role in maintaining
homeostasis.

Overall, signals from the microbiota have the ability to alter
expression of miRNAs. In turn, miRNAs can target immune-
related mRNAs that have the ability to impact responses to
microbes and thus shape commensal communities. Thus, crosstalk
between microbiota and miRNAs is required for shaping intestinal
immune responses and maintaining homeostasis.

miRNAs AND HUMAN INTESTINAL DISEASE

Many human diseases are related to dysregulation of the intesti-
nal immune system and of the microbiota, including allergies,
various autoimmune diseases, and cancers (Round and Mazma-
nian, 2009; Kamada etal., 2013; Sears and Garrett, 2014). One
of the most prominent and well-studied class of intestinal disease
is inflammatory bowel disease (IBD). IBD is caused by chronic
and inappropriate inflammation within the gastrointestinal tract,
and this affects approximately 1.4 million Americans. Further-
more, CRC risk is significantly increased in patients that have IBD
(Neurath, 2014). Together, this has placed a considerable burden
on the healthcare system (Abraham and Cho, 2009). The most
common types of IBD are Crohn’s Disease (CD) and ulcerative
colitis (UC), and each of these display different causes and patholo-
gies. Although genetic and environmental factors are known to
play a role in the etiology of IBD subtypes, the specific fac-
tors that directly cause these diseases are not fully understood.
Furthermore, CD, UC, and other intestinal diseases appear to
display various pathologies, outcomes, and treatment options
depending on the individual (Dalal and Kwon, 2010), emphasiz-
ing the need for more diagnostic and therapeutic reagents in the
clinic.

Recently, miRNA expression profiles have been shown to
change in people suffering from IBD. Patients with UC and
CD have distinct miRNA profiles that are unique to their dis-
ease stage when compared with healthy controls. This is true for
both intestinal tissue biopsies and peripheral blood (Dalal and
Kwon, 2010; Wu et al., 2011; Pekow and Kwon, 2012; Iborra et al.,
2013; Lin etal., 2014). Among the miRNAs found to have altered
expression during UC and CD were miR-16 (Wu etal., 2010),
miR-146a (Lin etal., 2014), miR-31 (Lin etal., 2014), miR-340*
(Wu etal., 2011), and miR-199a-5p (Wu etal.,, 2011). Some of
these miRNA expression profile studies during IBD have been
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summarized in two recent reviews (Dalal and Kwon, 2010; Pekow
and Kwon, 2012). It is important to note that each study has
sampled a different group of patients, disease types and states,
as well as tissue types. This likely explains why there does not
appear to be a common group of miRNAs that are associated
with IBD across all studies. Future work must be done to rec-
oncile the differences in miRNA profiles in each study and to
clarify which miRNAs are common or unique to distinct dis-
ease types. These miRNA profiles might be used to accurately
diagnose IBD types and predict patient prognoses. Addition-
ally, the concept of utilizing blood miRNAs as biomarkers for
intestinal disease is promising because collection would be non-
invasive. Even so, further experimentation needs to be done to
understand the functional significance of altered expression of
specific miRNAs in various human tissues and cell types during
disease.

The roles of some miRNAs and their targets during IBD and
intestinal disease are beginning to be elucidated. For example,
during active pediatric UC, levels of phosphorylated Stat3 were
increased in colonocytes, and correlated with low expression of
miR-124 in diseased patients (Koukos etal., 2013). Furthermore,
miR-124 directly bound to and downregulated expression of Stat3.
High levels of Stat3 and corresponding low levels of miR-124
were only seen in pediatric patients with active UC and not in
adults, pediatric CD, pediatric inactive UC, nor healthy patients.
This was also observed in mouse models of colitis. Dysregu-
lation of the Stat3 pathway occurs in diseased patients due to
hypermethylation of miR-124. This study implicates miR-124
and the Stat3 pathway as highly relevant potential therapeutic
targets for treatment of pediatric UC. Even so, whether down-
regulation of miR-124 via hypermethylation is a cause or effect
of IBD in children has not yet been elucidated. In another study,
Brain etal. (2013) showed that human CD patients with polymor-
phisms in the NOD2 gene were unable to upregulate expression
of miR-29. In this way, miR-29 could not repress downstream
cytokine signaling pathways that were attributed to worsened dis-
ease. In general, these findings support the validity of miRNAs
and their experimentally verified targets as important players in
human IBD.

Single nucleotide polymorphisms (SNPs) in miRNA genes may
also play a role in susceptibility to intestinal diseases (Pekow
and Kwon, 2012; Gazouli etal., 2013). SNPs within miRNAs
could alter their expression, processing, and functional target-
ing. Thus, the presence of certain miRNA SNP variants in
humans can be associated with and may even be functionally
relevant (Jin and Lee, 2013). The rs2910164 SNP within the
miR-146a gene on chromosome 5 has been shown to decrease
mature miR-146a levels and subsequently increase its target genes
(Jazdzewski etal., 2008; Shao etal., 2014). This miRNA SNP
has been implicated in numerous human diseases, including
various cancers (He etal., 2012), papillary thyroid carcinoma
(Jazdzewski etal., 2008), and sepsis (Shao etal., 2014). Even so,
a general consensus within studies and meta-analyses regard-
ing disease associations with rs2910164 has not been reached,
as group size, methods of statistical analysis, and the ethnic
groups sampled can affect the conclusions made in each study.
In relation to the GI tract, this miR-146a SNP was associated

with CD (Gazouli etal., 2013), while no significant association
was observed with UC patients (Okubo etal., 2011; Gazouli
etal., 2013). Patients with this SNP variant were also found to
have increased risk of intestinal metaplasia and dysplasia dur-
ing H. pylori infection (Song etal., 2013). Furthermore, this
polymorphism in miR-146a predicted susceptibility to CRC and
disease-specific survival outcome (Chae etal., 2013; Ma etal,
2013). MiR-146a downregulates inflammation by targeting com-
ponents of the NFkB pathway (Boldin et al.,2011; Zhao etal., 2011,
2013), and these studies suggest that a change in one nucleotide
within this miRNA could alter the intestinal inflammatory state
via dysregulation of NFkB and other related pathways. How-
ever, the functional consequences of this polymorphism remain
incompletely understood. Taken together, these findings provide
evidence that the altered function of immune-related miRNA
genes can influence the susceptbility to, and outcome during,
intestinal diseases.

As IBD patients carry an increased risk of developing CRC,
miRNAs also have potential as biomarkers, prognostic tools, and
therapeutic targets during cancers of the GI tract. While mul-
tiple factors may influence CRC, miRNAs have been shown to
play important roles in the molecular pathways that can give
rise to intestinal cancers. These include pathways involved in
inflammation, chromatin formation, stem cell signaling, apop-
tosis, and others (Liu and Chen, 2010; Chivukula etal., 2014).
Expression profiling has indicated that miR-31, miR-21, and
miR-191 are upregulated (Liu and Chen, 2010), while miR-143,
miR-145, and miR-451 are downregulated in CRC tumors (Liu
and Chen, 2010; Chivukula etal., 2014). Another study, using an
RNA-sequencing approach, found that miR-10a-5p, miR-21-5p,
miR-22-3p, miR-143-3p, and miR-192-5p are among the most
abundantly expressed miRNAs in a CRC cohort (Schee etal.,
2013). A pathway analysis revealed that these altered RNAs could
affect many cellular signaling pathways including Wnt, MAPK,
and TGEFB, all of which are linked to oncogenesis. Animal studies
utilizing genetic manipulation of miRNAs within the intestines
are currently being carried out to understand cellular mecha-
nisms of CRC-related miRNAs that have been found in human
studies, and a recent report has found critical roles for miR-
NAs 143 and 145 in pathways that can lead to CRC (Chivukula
etal, 2014). Although much work remains, it has become clear
that miRNAs within cells of the intestines are relevant during
human IBD, CRC, and other intestinal diseases that stem from
perturbations in intestinal homeostasis. This underscores the
importance of miRNAs in maintaining intestinal homeostasis in
humans.

FUTURE DIRECTIONS AND CONCLUDING REMARKS

In general, these investigations suggest that miRNAs are likely
indispensable regulators of host-commensal interactions that are
required for proper intestinal homeostasis. Because miRNAs
fine-tune targets by downregulating their expression 1.2—4-fold
(O’Connell etal., 2012), they prevent imbalances that eventu-
ally lead to loss of homeostasis and disease. miRNAs may also
prove to be effective drug targets in terms of treating intestinal
diseases. Extensive future studies are required to further define
specific mechanisms of miRNA function in intestinal immunity.
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This will unveil how miRNAs influence the balance between
maintaining beneficial resident microbes and eliminating those
that are harmful within the gut.

Tying together emerging concepts in the miRNA field with
those in the GI tract and microbiota fields will bring about
a comprehensive understanding of cellular processes that con-
trol intestinal homeostasis. One of these novel concepts is the
transfer of miRNAs between cells via exosomes (Stoorvogel,
2012). In the future, it will be important to determine if this
mode of exosomal miRNA transfer occurs and has biological
relevance within the intestines to modify gut homeostasis and
commensal populations. Another emerging concept regarding
the microbiota involves the important role of gut commensals
in contributing to extra-intestinal effects. For example, recent
studies have determined that the gut microbiota can impact
the biology of extra-intestinal sites, such as the brain, heart,
and liver and as a consequence can influence diseases includ-
ing MS, autism, cardiovascular disease, and obesity (Wang etal.,
2011; Collins etal., 2012; Hsiao etal., 2013; Kamada etal., 2013;
Zhao, 2013); miRNAs may play important roles in the commu-
nication process between host and microbiota at extra-intestinal
sites. miRNAs may also function in cells as they respond to gut
microbial metabolites and other products. Commensal-derived
metabolites, such as short-chain fatty acids (SCFAs) and bile
acids, play important roles in development and function of
immune cells within the gut and can contribute to immunologi-
cal and metabolic phenotypes within the host (Brestoff and Artis,
2013).

miRNAs and host-commensal interactions have been indepen-
dently linked to human development, health, and disease in the
past. Now, as we begin to explore how these systems are integrated,
a greater understanding of how host-commensal interactions are
regulated will undoubtedly emerge. This will provide novel ther-
apeutic insights that will help combat the wide range of diseases
that are related to the gut.

ACKNOWLEDGMENTS

We would like to acknowledge additional studies regarding
miRNAs, commensals, and the GI tract that were not men-
tioned in this review due to space limitations. Thank you to
Margaret Alexander and Charisse Petersen for reading through the
manuscript and giving comments, corrections, and suggestions to
improve this review.

REFERENCES

Abraham, C., and Cho, J. H. (2009). Inflammatory bowel disease. N. Engl. ]. Med.
361, 2066-2078.

Abreu, M. T. (2010). Toll-like receptor signalling in the intestinal epithelium: how
bacterial recognition shapes intestinal function. Nat. Rev. Immunol. 10, 131-144.
doi: 10.1038/nri2707

Archambaud, C., Sismeiro, O., Toedling, J., Intestinal, T., Interferes, M.,
Response, R. N. A, etal. (2013). The intestinal microbiota interferes with the
microRNA response upon oral Listeria infection. MBio 4, e00707-e00713. doi:
10.1128/mBi0.00707-13

Baltimore, D., Boldin, M. P., O’Connell, R. M., Rao, D. S., and Taganov, K. D.
(2008). MicroRNAs: new regulators of immune cell development and function.
Nat. Immunol. 9, 839-845. doi: 10.1038/ni.£.209

Biton, M., Levin, A., Slyper, M., Alkalay, I., Horwitz, E., Mor, H., et al. (2011). Epithe-
lial microRNAs regulate gut mucosal immunity via epithelium-T cell crosstalk.
Nat. Immunol. 12, 239-246. doi: 10.1038/ni.1994

Boldin, M. P, Taganov, K. D., Rao, D. S., Yang, L., Zhao, J. L., Kalwani, M.,
etal. (2011). miR-146a is a significant brake on autoimmunity, myeloprolifer-
ation, and cancer in mice. J. Exp. Med. 208, 1189-1201. doi: 10.1084/jem.201
01823

Brain, O., Owens, B. M. J., Pichulik, T., Allan, P, Khatamzas, E., Leslie, A.,
etal. (2013). The intracellular sensor NOD2 induces microRNA-29 expression
in human dendritic cells to limit IL-23 release. Immunity 39, 521-536. doi:
10.1016/j.immuni.2013.08.035

Brestoff, J. R., and Artis, D. (2013). Commensal bacteria at the interface of
host metabolism and the immune system. Nat. Immunol. 14, 676-684. doi:
10.1038/ni.2640

Chae, Y., Kim, J. G, Lee, S. L., Kang, B. W,, Lee, Y. J., Park, J. Y,, et al. (2013). A miR-
146a polymorphism (rs2910164) predicts risk of and survival from colorectal
cancer. Anticancer Res. 33,3233-3239.

Chassin, C., Hempel, C., Stockinger, S., Dupont, A., Kiibler, J. F,, Wedemeyer, J., et al.
(2012). MicroRNA-146a-mediated downregulation of IRAK1 protects mouse and
human small intestine against ischemia/reperfusion injury. EMBO Mol. Med. 4,
1308-1319. doi: 10.1002/emmm.201201298

Chen, C.-Z., Schaffert, S., Fragoso, R., and Loh, C. (2013). Regulation of immune
responses and tolerance: the microRNA perspective. Immunol. Rev. 253,112-128.
doi: 10.1111/imr.12060

Chivukula, R. R., Shi, G., Acharya, A., Mills, E. W,, Zeitels, L. R., Anandam,
J. L., etal. (2014). An essential mesenchymal function for miR-143/145 in
intestinal epithelial regeneration. Cell 157, 1104-1116. doi: 10.1016/j.cell.2014.
03.055

Clare, S., John, V., Walker, A. W., Hill, J. L., Abreu-Goodger, C., Hale, C., et al. (2013).
Enhanced susceptibility to Citrobacter rodentium infection in microRNA-155-
deficient mice. Infect. Immun. 81,723-732. doi: 10.1128/IA1.00969-12

Collins, S. M., Surette, M., and Bercik, P. (2012). The interplay between the
intestinal microbiota and the brain. Nat. Rev. Microbiol. 10, 735-742. doi:
10.1038/nrmicro2876

Dalal, S., and Kwon, J. (2010). The role of microRNA in inflammatory bowel disease.
Gastroenterol. Hepatol. 6,714-722.

Dalmasso, G., Nguyen, H. T. T, Yan, Y., Laroui, H., Charania, M. A., Ayyadurai,
S.,etal. (2011). Microbiota modulate host gene expression via microRNAs. PLoS
ONE 6:€19293. doi: 10.1371/journal.pone.0019293

Das, L. M., Torres-Castillo, M. D. L. A,, Gill, T., and Levine, A. D. (2013). TGF-8
conditions intestinal T cells to express increased levels of miR-155, associated
with down-regulation of IL-2 and itk mRNA. Mucosal Immunol. 6, 167-176. doi:
10.1038/mi.2012.60

Duerkop, B. A., Vaishnava, S., and Hooper, L. V. (2009). Immune responses to
the microbiota at the intestinal mucosal surface. Immunity 31, 368-376. doi:
10.1016/j.immuni.2009.08.009

El Aidy, S., Derrien, M., Merrifield, C. A., Levenez, E, Dor¢, J., Boekschoten, M.
V., etal. (2013). Gut bacteria-host metabolic interplay during conventionalisa-
tion of the mouse germfree colon. ISME J. 7, 743-755. doi: 10.1038/ismej.20
12.142

Frantz, A. L., Rogier, E. W., Weber, C. R., Shen, L., Cohen, D. A., Fenton, L. A.,
etal. (2012). Targeted deletion of MyD88 in intestinal epithelial cells results in
compromised antibacterial immunity associated with downregulation of poly-
meric immunoglobulin receptor, mucin-2, and antibacterial peptides. Mucosal
Immunol. 5,501-512. doi: 10.1038/mi.2012.23

Gazouli, M., Papaconstantinou, I., Stamatis, K., Vaiopoulou, A., Zeglinas, C,,
Vassiliou, I., etal. (2013). Association study of genetic variants in miRNAs in
patients with inflammatory bowel disease: preliminary results. Dig. Dis. Sci. 58,
2324-2328. doi: 10.1007/s10620-013-2640-y

Goto, Y., and Ivanov, I. (2013). Intestinal epithelial cells as mediators of the
commensal-host immune crosstalk. Immunol. Cell Biol. 91, 204-214. doi:
10.1038/icb.2012.80

He, B., Pan, Y., Cho, W. C., Xu, Y., Gu, L., Nie, Z., etal. (2012). The association
between four genetic variants in microRNAs (rs11614913, rs2910164, rs3746444,
1rs2292832) and cancer risk: evidence from published studies. PLoS ONE 7:¢49032.
doi: 10.1371/journal.pone.0049032

Hooper, L. V,, Littman, D. R, and Macpherson, A. J. (2012). Interactions
between the microbiota and the immune system. Science 336, 1268-1273. doi:
10.1126/science.1223490

Hooper, L. V., and Macpherson, A. J. (2010). Immune adaptations that maintain
homeostasis with the intestinal microbiota. Nat. Rev. Immunol. 10, 159-169. doi:
10.1038/nri2710

Frontiers in Genetics | Non-Coding RNA

October 2014 | Volume 5 | Article 347 | 8


http://www.frontiersin.org/Non-Coding_RNA/
http://www.frontiersin.org/Non-Coding_RNA/archive

Runtsch etal.

MicroRNAs and intestinal homeostasis

Hsiao, E. Y., McBride, S. W., Hsien, S., Sharon, G., Hyde, E. R., McCue, T,
etal. (2013). Microbiota modulate behavioral and physiological abnormali-
ties associated with neurodevelopmental disorders. Cell 155, 1451-1463. doi:
10.1016/j.cell.2013.11.024

Hu, S., Dong, T. S., Dalal, S. R., Wu, E, Bissonnette, M., Kwon, J. H., etal.
(2011). The microbe-derived short chain fatty acid butyrate targets miRNA-
dependent p21 gene expression in human colon cancer. PLoS ONE 6:¢16221. doi:
10.1371/journal.pone.0016221

Iborra, M., Bernuzzi, E, Correale, C., Vetrano, S., Fiorino, G., Beltran, B., etal.
(2013). Identification of serum and tissue micro-RNA expression profiles in dif-
ferent stages of inflammatory bowel disease. Clin. Exp. Immunol. 173, 250-258.
doi: 10.1111/cei. 12104

Ivanov, I. 1., Atarashi, K., Manel, N., Brodie, E. L., Shima, T., Karaoz, U, et al. (2009).
Induction of intestinal Th17 cells by segmented filamentous bacteria. Cell 139,
485-498. doi: 10.1016/j.cell.2009.09.033

Ivanov, I. I, and Honda, K. (2012). Intestinal commensal microbes as
immune modulators. Cell Host Microbe 12, 496-508. doi: 10.1016/j.chom.2012.
09.009

Jazdzewski, K., Murray, E. L., Franssila, K., Jarzab, B., Schoenberg, D. R., and de
la Chapelle, A. (2008). Common SNP in pre-miR-146a decreases mature miR
expression and predisposes to papillary thyroid carcinoma. Proc. Natl. Acad. Sci.
U.S.A. 105, 7269-7274. doi: 10.1073/pnas.0802682105

Jin, Y., and Lee, C. (2013). Single nucleotide polymorphisms associated with
microRNA regulation. Biomolecules 3, 287-302. doi: 10.3390/biom3020287

Johansson, M. E. V., Larsson, J. M. H., and Hansson, G. C. (2011). The two mucus
layers of colon are organized by the MUC2 mucin, whereas the outer layer is a
legislator of host-microbial interactions. Proc. Natl. Acad. Sci. U.S.A. 108(Suppl.
1), 4659—4665. doi: 10.1073/pnas.1006451107

Kamada, N., Seo, S.-U., Chen, G. Y., and Nuiiez, G. (2013). Role of the gut microbiota
in immunity and inflammatory disease. Nat. Rev. Immunol. 13, 321-335. doi:
10.1038/nri3430

Koukos, G., Polytarchou, C., Kaplan, J. L., Morley-Fletcher, A., Gras-Miralles,
B., Kokkotou, E., etal. (2013). MicroRNA-124 regulates STAT3 expression and
is down-regulated in colon tissues of pediatric patients with ulcerative colitis.
Gastroenterology 145, 842—-852.¢2. doi: 10.1053/j.gastro.2013.07.001

Lin, J., Welker, N. C., Zhao, Z., Li, Y., Zhang, J., Reuss, S. A., etal. (2014). Novel spe-
cific microRNA biomarkers in idiopathic inflammatory bowel disease unrelated
to disease activity. Mod. Pathol. 27, 602—608. doi: 10.1038/modpathol.2013.152

Lindsay, M. A. (2008). microRNAs and the immune response. Trends Immunol. 29,
343-351. doi: 10.1016/}.it.2008.04.004

Liu, M., and Chen, H. (2010). The role of microRNAs in colorectal cancer. J. Genet.
Genomics 37, 347-358. doi: 10.1016/S1673-8527(09)60053-9

Lund, A. H. (2010). miR-10 in development and cancer. Cell Death. Differ. 17,
209-214. doi: 10.1038/cdd.2009.58

Ma, E, Xu, S., Liu, X., Zhang, Q., Xu, X., Liu, M., etal. (2011). The microRNA
miR-29 controls innate and adaptive immune responses to intracellular bacterial
infection by targeting interferon-y. Nat. Immunol. 12, 861-869. doi: 10.1038/
ni.2073

Ma, L., Zhu, L., Gu, D., Chu, H., Tong, N., Chen, J., et al. (2013). A genetic variant in
miR-146a modifies colorectal cancer susceptibility in a Chinese population. Arch.
Toxicol. 87, 823-833. doi: 10.1007/500204-012-1004-2

Madison, B. B., Liu, Q., Zhong, X., Hahn, C. M,, Lin, N., Emmett, M. J., etal.
(2013). LIN28B promotes growth and tumorigenesis of the intestinal epithelium
via Let-7. Genes Dev. 27, 2233-2245. doi: 10.1101/gad.224659.113

McKenna, L. B., Schug, J., Vourekas, A., McKenna, J. B., Bramswig, N. C,
Friedman, J. R,, etal. (2010). MicroRNAs control intestinal epithelial differenti-
ation, architecture, and barrier function. Gastroenterology 139, 1654-1664. doi:
10.1053/j.gastro.2010.07.040

Neurath, M. E (2014). Cytokines in inflammatory bowel disease. Nat. Rev. Immunol.
14, 329-342. doi: 10.1038/nri3661

O’Connell, R. M., Rao, D. S., and Baltimore, D. (2012). microRNA regu-
lation of inflammatory responses. Annu. Rev. Immunol. 30, 295-312. doi:
10.1146/annurev-immunol-020711-075013

O’Connell, R. M., Rao, D. S., Chaudhuri, A. A., and Baltimore, D. (2010). Physio-
logical and pathological roles for microRNAs in the immune system. Nat. Rev.
Immunol. 10, 111-122. doi: 10.1038/nri2708

Okubo, M., Tahara, T., Shibata, T., Yamashita, H., Nakamura, M., Yoshioka, D.,
etal. (2011). Association study of common genetic variants in pre-microRNAs in

patients with ulcerative colitis. J. Clin. Immunol. 31, 69-73. doi: 10.1007/s10875-
010-9461-y

Pekow, J. R., and Kwon, J. H. (2012). MicroRNAs in inflammatory bowel disease.
Inflamm. Bowel Dis. 18, 187-193. doi: 10.1002/ibd.21691

Peterson, L. W., and Artis, D. (2014). Intestinal epithelial cells: regulators of bar-
rier function and immune homeostasis. Nat. Rev. Immunol. 14, 141-153. doi:
10.1038/nri3608

Phillips, M. L. (2009). Gut reaction: environmental effects on the human microbiota.
Environ. Health Perspect. 117, A198—A205. doi: 10.1289/ehp.117-a198

Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, E,, Edberg, S., and Medzhitov, R.
(2004). Recognition of commensal microflora by toll-like receptors is required
for intestinal homeostasis. Cell 118, 229-241. doi: 10.1016/j.cell.2004.07.002

Round, J. L., Lee, S. M., Li, J., Tran, G., Jabri, B., Chatila, T. A., etal. (2011). The Toll-
like receptor 2 pathway establishes colonization by a commensal of the human
microbiota. Science 332,974-977. doi: 10.1126/science.1206095

Round, J. L., and Mazmanian, S. K. (2009). The gut microbiota shapes intestinal
immune responses during health and disease. Nat. Rev. Immunol. 9, 313-323.
doi: 10.1038/nri2515

Schee, K., Lorenz, S., Worren, M. M., Giinther, C.-C., Holden, M., Hovig, E., etal.
(2013). Deep sequencing the microRNA transcriptome in colorectal cancer. PLoS
ONE 8:¢66165. doi: 10.1371/journal.pone.0066165

Sears, C. L., and Garrett, W. S. (2014). Microbes, microbiota, and colon cancer. Cell
Host Microbe 15, 317-328. doi: 10.1016/j.chom.2014.02.007

Shao, Y., Li, J., Cai, Y., Xie, Y., Ma, G,, Li, Y., etal. (2014). The functional poly-
morphisms of miR-146a are associated with susceptibility to severe sepsis in the
Chinese population. Mediat. Inflamm. 2014, 916202. doi: 10.1155/2014/916202

Shi, C., Liang, Y., Yang, J., Xia, Y., Chen, H., Han, H., etal. (2013). MicroRNA-
21 knockout improve the survival rate in DSS induced fatal colitis through
protecting against inflammation and tissue injury. PLoS ONE 8:e66814. doi:
10.1371/journal.pone.0066814

Singh, N., Shirdel, E. A., Waldron, L., Zhang, R.-H., Jurisica, I., and Comelli, E. M.
(2012). The murine caecal microRNA signature depends on the presence of the
endogenous microbiota. Int. J. Biol. Sci. 8,171-186. doi: 10.7150/ijbs.8.171

Smith, P. M., Howitt, M. R., Panikov, N., Michaud, M., Gallini, C. A., Bohlooly-Y, M.,
etal. (2013). The microbial metabolites, short-chain fatty acids, regulate colonic
Treg cell homeostasis. Science 341, 569-573. doi: 10.1126/science.1241165

Song, M., Su, H., Zhang, L., Ma, ], Li, J., Pan, K., etal. (2013). Genetic polymor-
phisms of miR-146a and miR-27a, H. pylori infection, and risk of gastric lesions
in a Chinese population. PLoS ONE 8:¢61250. doi: 10.1371/journal.pone.0061250

Stoorvogel, W. (2012). Functional transfer of microRNA by exosomes. Blood 119,
646-648. doi: 10.1182/blood-2011-11-389478

Takahashi, H., Kanno, T., Nakayamada, S., Hirahara, K., Sciume, G., Muljo, S.
A., etal. (2012). TGF-f and retinoic acid induce the microRNA miR-10a, which
targets Bcl-6 and constrains the plasticity of helper T cells. Nat. Immunol. 13,
587-595. doi: 10.1038/ni.2286

Thai, T.-H., Calado, D. P., Casola, S., Ansel, K. M., Xiao, C., Xue, Y., etal. (2007).
Regulation of the germinal center response by microRNA-155. Science 316, 604—
608. doi: 10.1126/science.1141229

Vaishnava, S., Behrendt, C. L., Ismail, A. S., Eckmann, L., and Hooper, L. V. (2008).
Paneth cells directly sense gut commensals and maintain homeostasis at the
intestinal host-microbial interface. Proc. Natl. Acad. Sci. U.S.A.105,20858-20863.
doi: 10.1073/pnas.0808723105

Vaishnava, S., Yamamoto, M., Severson, K. M., Ruhn, K. A, Yu, X., Koren, O.,
etal. (2011). The antibacterial lectin Reglllgamma promotes the spatial seg-
regation of microbiota and host in the intestine. Science 334, 255-258. doi:
10.1126/science.1209791

Vigorito, E., Perks, K. L., Abreu-Goodger, C., Bunting, S., Xiang, Z., Kohlhaas,
S., etal. (2007). microRNA-155 regulates the generation of immunoglobulin
class-switched plasma cells. Immmunity 27, 847-859. doi: 10.1016/j.immuni.2007.
10.009

Viswanathan, S. R., and Daley, G. Q. (2010). Lin28: a microRNA regulator with a
macro role. Cell 140, 445-449. doi: 10.1016/j.cell.2010.02.007

Wang, Z., Klipfell, E., Bennett, B. J., Koeth, R., Levison, B. S., Dugar, B., etal. (2011).
Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease.
Nature 472, 57-63. doi: 10.1038/nature09922

Winter, J., Jung, S., Keller, S., Gregory, R. 1., and Diederichs, S. (2009). Many roads
to maturity: microRNA biogenesis pathways and their regulation. Nat. Cell Biol.
11, 228-234. doi: 10.1038/ncb0309-228

www.frontiersin.org

October 2014 | Volume 5 | Article 347 | 9


http://www.frontiersin.org/
http://www.frontiersin.org/Non-Coding_RNA/archive

Runtsch etal.

MicroRNAs and intestinal homeostasis

Wu, E, Guo, N., and Tian, H. (2011). Peripheral blood microRNAs distinguish
active ulcerative colitis and Crohn’s disease. Inflamm. Bowel Dis. 17, 241-250.
doi: 10.1002/ibd.21450.Peripheral

Wu, E, Zhang, S., Dassopoulos, T., Harris, M. L., Bayless, T. M., Meltzer, S.
J., etal. (2010). Identification of microRNAs associated with ileal and colonic
Crohn’s disease. Inflamm. Bowel Dis. 16, 1729-1738. doi: 10.1002/ibd.21267.
Identification

Xue, X., Cao, A. T., Cao, X,, Yao, S., Carlsen, E. D., Soong, L., etal. (2014). Down-
regulation of microRNA-107 in intestinal CD11c(+) myeloid cells in response to
microbiota and proinflammatory cytokines increases IL-23p19 expression. Eur.
J. Immunol. 44, 673-682. doi: 10.1002/eji.201343717

Xue, X., Feng, T., Yao, S., Wolf, K. J,, Liu, C.-G., Liu, X, etal. (2011).
Microbiota downregulates dendritic cell expression of miR-10a, which tar-
gets IL-12/IL-23p40. J. Immunol. 187, 5879-5886. doi: 10.4049/jimmunol.
1100535

Ye, D., Guo, S., Al-Sadi, R., and Ma, T. Y. (2011). MicroRNA regulation of intesti-
nal epithelial tight junction permeability. Gastroenterology 141, 1323-1333. doi:
10.1053/j.gastro.2011.07.005

Zhao, ]. L., Rao, D. S., Boldin, M. P,, Taganov, K. D., O’Connell, R. M., and Baltimore,
D. (2011). NF-kappaB dysregulation in microRNA-146a-deficient mice drives
the development of myeloid malignancies. Proc. Natl. Acad. Sci. U.S.A. 108,
9184-9189. doi: 10.1073/pnas.1105398108

Zhao, J. L., Rao, D. S., O’Connell, R. M., Garcia-Flores, Y., and Baltimore, D. (2013).
MicroRNA-146a acts as a guardian of the quality and longevity of hematopoietic
stem cells in mice. Elife 2, €00537. doi: 10.7554/eLife.00537

Zhao, L. (2013). The gut microbiota and obesity: from correlation to causality. Nat.
Rev. Microbiol. 11, 639-647. doi: 10.1038/nrmicro3089

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 02 June 2014; accepted: 16 September 2014; published online: 01 October
2014.

Citation: Runtsch MC, Round JL and O’Connell RM (2014) MicroRNAs and the reg-
ulation of intestinal homeostasis. Front. Genet. 5:347. doi: 10.3389/fgene.2014.00347
This article was submitted to Non-Coding RNA, a section of the journal Frontiers in
Genetics.

Copyright © 2014 Runtsch, Round and O’Connell. This is an open-access arti-
cle distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, pro-
vided the original author(s) or licensor are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | Non-Coding RNA

October 2014 | Volume 5 | Article 347 | 10


http://dx.doi.org/10.3389/fgene.2014.00347
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Non-Coding_RNA/
http://www.frontiersin.org/Non-Coding_RNA/archive

	MicroRNAs and the regulation of intestinal homeostasis
	Introduction
	MiRNAs in hematopoietic-derived gut immune cells
	MiRNAs in non-hematopoietic-derived gut cells
	Gut microbiota and miRNAs
	MiRNAs and human intestinal disease
	Future directions and concluding remarks
	Acknowledgments
	References


