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Abstract

The mammalian intestinal epithelium is a rapidly self-renewing tissue in the body and its homeostasis is tightly controlled by numerous
factors at multiple levels. The RNA-binding protein HuR (human antigen R) is intimately involved in many aspects of gut mucosal
pathobiology and plays an important role in maintaining integrity of the intestinal epithelium by regulating stability and translation of
target mRNAs. Nonetheless, deregulation of HuR expression and altered binding affinity of HuR for target transcripts occur commonly
in various gut mucosal disorders. In this review, we highlight the essential role of HuR in the intestinal epithelium homeostasis and
discuss recent results that interactions between HuR and noncoding RNAs (ncRNAs), including circular RNAs, long ncRNAs, small
vault RNAs, and microRNAs, influence gut mucosal regeneration and regulate barrier function in various pathophysiological conditions.
These exciting discoveries advance our knowledge of HuR biological function in the gut mucosa and also create a fundamental basis for
developing novel therapies to protect intestinal epithelial integrity in critically ill patients.
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1. Introduction

The mammalian intestinal epithelium is a single layer
of columnar cells that function as a dynamic biophysical
barrier to separate mucosal tissues from luminal bacteria
and noxious substances, in addition to its crucial role in
food digestion and absorption [1–3]. The intestinal epithe-
lium undergoes a rapid and continual self-renewal process
throughout the entire life, and the epithelium homeostasis
depends on intestinal epithelial cells (IECs) to quickly alter
gene expression to regulate proliferation, apoptosis, migra-
tion, differentiation, and cell-to-cell interaction in response
to pathophysiological stresses. Intestinal stem cells and am-
plified progenitor cells divide continuously in the crypts and
drive renewal process, while the newly divided cells differ-
entiate into various mature cell types when they migrate up
along the crypt-villus axis. Apoptosis takes place in both
the crypt area, where it maintains the balance in cell num-
ber between survival cells and newly divided cells, and the
luminal surface of the intestine, where apoptosis causes a
loss of differentiated cells [4,5]. The intestinal mucosa also
displays a spectrum of responses after acute injury and can
repair itself quickly to restore epithelial integrity. Nonethe-
less, disrupted homeostasis of the intestinal epithelium and
severe mucosal wounds/erosions occur commonly in var-
ious pathologies, resulting in abnormalities of the epithe-
lial structure and the translocation of luminal harmful sub-
stances and bacteria to the bloodstream [6–8].

The gene expression programs that govern homeosta-
sis of the intestinal epithelium are tightly regulated at the
posttranscriptional level, although transcriptional events
also play an important role in this process. In particular,
regulation of mRNA stability and translation is essential for
control of intestinal mucosal defense, continual renewal,
repair after acute injury, and gut barrier function [9,10].
The stability and/or translational control of labile mRNAs
require the association of specific mRNA sequences (cis-
elements) with trans-acting factors such as RNA-binding
proteins (RBPs) and noncoding RNAs (ncRNAs), specifi-
cally microRNAs (miRNAs). RBPs and miRNAs directly
bind to cis-elements that are frequently located at the 3′-
untranslated region (3′-UTR) of target mRNAs and this
interaction alters rates of mRNA turnover and translation
[11–13]. Long ncRNAs (lncRNAs), circular RNAs (circR-
NAs), and small vault RNAs (vtRNAs) also regulate gene
expression at the posttranscriptional level via distinct mech-
anisms, including interactions with RBPs and miRNAs.
Emerging evidence suggests that homeostasis of the gut ep-
ithelium is tightly regulated by RBPs and ncRNAs acting
in concert to regulate gene expression synergistically or an-
tagonistically, whereas deregulation of RBPs and ncRNAs
is involved in pathogenesis of various human gut mucosal
diseases.

HuR (human antigen R) is a ubiquitous RBP and con-
tains twoRNA recognitionmotifs (RRMs) at its N-terminus
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with high affinity for uridine-rich and adenine uridine-rich
elements located in the 3′-UTRs of target mRNAs, while
the third RRM located at the C-terminus recognizes the
poly(A) tail [14,15]. HuR is primarily distributed in the
nucleus in unstimulated cells, but it can rapidly translo-
cate to the cytoplasm when exposed to various pathophys-
iological stresses [14–16]. HuR participates in different
physiological and pathological processes, including prolif-
eration, apoptosis, migration, tissue injury/repair, inflam-
mation, and angiogenesis [4,17–20] and its dysfunction is
linked to several gut mucosal disorders such as inflamma-
tory bowel disease (IBD) and malignancies [21–24]. In this
review, we highlight the important roles of HuR in the in-
testinal epithelial homeostasis and pathologies and further
discuss in some detail the mechanisms by which HuR regu-
lates the stability and translation of target mRNAs through
interaction with ncRNAs.

2. HuR in the Intestinal Epithelium
Homeostasis
2.1 HuR Promotes Growth of Small Intestinal Mucosa

The intestinal epithelium renews itself every 5–7 days
in humans and 4–5 days in mice and this rapid process is
tightly controlled by numerous factors at multiple levels.
As with other tissues in the body, the intestinal epithelial re-
newal is uniquely regulated by growth hormones, cortisol,
insulin, and thyroxin that modulate metabolism in all tis-
sues in the body. However, the intestinal mucosa responds
to a host of events triggered by the presence of luminal food
that is one of the strongest stimulants of mucosal growth.
Fasting in mice or food starvation in patients with critical
disorders inhibits growth of the intestinal mucosa, leading
to mucosal atrophy [9]. In cultured IECs, HuR silencing by
transfection with specific small interference RNA (siRNA)
targeting HuR (siHuR) inhibits cell proliferation and causes
G1 phase growth arrest by controlling the expression of sev-
eral genes associated with cell division and differentiation
[25–29].

To examine the functional role of HuR in the intestinal
epithelium in vivo, we used a Cre-LoxP system to generate
a mouse bearing with intestinal epithelium tissue-specific
HuR deletion (IE-HuR−/−) [4]. Although there are no sig-
nificant differences in gut gross morphology, body weight,
and general activity between IE-HuR−/− mice and litter-
mate mice, HuR-deficient mice exhibit disrupted growth of
small intestinal mucosa. There is a remarkable reduction in
the levels of DNA synthesis and the lengths of crypts and
villi in IE-HuR−/− mice compared with littermate mice.
The HuR-deficient small intestinal epithelium also loses the
ability of regenerative potential of crypt progenitors, since
S-phase descendants in villous regions reduces markedly in
IE-HuR−/− mice relative to littermate mice after exposure
to irradiation. In an ex vivo model, growth rates of primar-
ily cultured intestinal organoids derived from the small in-
testinal crypts of IE-HuR−/− mice decrease significantly

compared with those observed in the organoids from con-
trol littermate mice [5]. On the other hand, HuR deletion
in IECs fails to alter renewal of the colonic epithelium, al-
though mucosal HuR levels are also undetectable in the
colon of IE-HuR−/− mice. These findings strongly sug-
gest that HuR is a biological enhancer of the small intestinal
mucosal growth, and its activation is absolutely required for
maintaining the intestinal epithelium homeostasis.

Although the exact mechanism underlying function
of HuR in the regulation of intestinal epithelial renewal
remains largely unknown, it has been shown that HuR
promotes growth of the small intestinal mucosa at least
partially by activating the Wnt signaling pathway [4,29].
Targeted deletion of HuR in the intestinal epithelium de-
creases levels of the mRNA encoding low-density lipopro-
tein (LDL)-receptor-related protein 6 (LRP6) that functions
as a Wnt-coreceptor and is critical for constant gut mucosal
growth. In addition, HuR deletion increases expression lev-
els of p65 and Smad7 in the intestinal mucosa without ef-
fect on the levels of Frizzled-7 protein. Further experiments
show that HuR physically interacts with the Lrp6 mRNA
via its 3′-UTR rather than 5′-UTR and coding region (CR),
and this association enhances LRP6 expression by increas-
ing stability and translation of the Lrp6 transcript [4]. In
support of these findings, another study reveals that HuR
also directly associates with the mRNA encoding transcrip-
tional factor c-Myc, a strong stimulator of intestinal mu-
cosal growth, and this interaction increases c-Myc transla-
tion but does not affect c-MycmRNA stability [30]. Unlike
HuR binding to the p53 and nucleophosmin (Npm) mRNAs
[26], HuR association with the c-MycmRNA requires HuR
phosphorylation induced by checkpoint kinase 2 (ChK2).
In addition, NPM serves as a nuclear interactor of Rac1 that
is essential for intestinal mucosal renewal and defense [7].
HuR increases NPM abundance in the intestinal epithelium,
thus promoting the nuclear accumulation of Rac1 and ep-
ithelial renewal, whereas HuR deletion in IECs decreases
the levels of NPM and slows down movement of Rac1 to
the nucleus, thus contributing to the inhibition of small in-
testinal mucosal growth in IE-HuR−/− mice [20].

2.2 HuR Regulates Apoptosis in the Intestinal Epithelium

HuR functions as an anti-apoptotic factor in the intesti-
nal mucosa and protects IECs against apoptosis by altering
expression levels of several apoptosis-associated genes at
the posttranscription level [31]. The products of these genes
regulated by HuR in IECs include X chromosome-linked
inhibitor of apoptosis protein (XIAP), transcription factor
JunD, mitogen-activated protein kinase kinase-1 (MEK-1)
and activating transcription factor-2 (ATF-2). HuR directly
binds to the mRNAs encoding XIAP, ATF-2, JunD, and
MEK-1 proteins and enhances their expression, thus pro-
tecting cells against apoptosis. HuR stabilizes the Xiap
mRNA by interacting with both its 3′-UTR and CR and
increases expression of XIAP, desensitizing IECs to apop-
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totic cell death in response to stress [32]. On the other
hand, HuR only binds to 3′-UTRs of the Atf-2 and JunD
mRNAs and this association primarily increases the sta-
bility of Atf-2 and JunD mRNAs with only minor influ-
ence on their translation [33,34]. Interaction of HuR with
the mek-1 transcript increases both stability and transla-
tion of mek-1 mRNA [25]. Interestingly, all associations
of HuR with the Xiap, Atf-2, JunD, and mek-1 mRNAs are
tightly controlled by cellular polyamines that act as biologi-
cal regulators of intestinal epithelial regeneration and adap-
tation. Mechanistically, polyamines regulate HuR binding
affinity for given mRNAs by altering Chk2-mediated HuR
phosphorylation [20] and polyamines also affect the sub-
cellular distribution of HuR via adenosine monophosphate
(AMP)-activated protein kinase-regulated phosphorylation
and acetylation of importin α1 [35].

2.3 HuR is Essential for Intestinal Mucosal Repair after
Acute Injury

The integrity of the intestinal mucosa is quickly re-
stored through a series of coordinated processes after acute
injury [36]. One primary way by which the mucosa re-
pairs itself rapidly and prevents further tissue damage is
early epithelial restitution, characterized by stages of cell
spreading and migration to quickly cover the wound area
and restore the epithelial integrity [37]. HuR plays an
essential role in stimulating early epithelial restitution af-
ter acute injury [17,38–40]. In an in vitro model of ep-
ithelial restitution, HuR silencing by transfection with si-
HuR inhibits early rapid epithelial restitution after wound-
ing. In an injury model in mice, exposure to mesenteric is-
chemia/reperfusion (I/R) leads to small mucosal injury and
erosions, but IE-HuR−/− mice exhibit a remarkable delay
in the mucosal repair after acute injury. The intestinal mu-
cosa is almost completely restored 6 h after I/R in litter-
mate mice, but this rapid epithelial repair is inhibited by
HuR deletion, since mucosal surface in IE-HuR−/− mice
remains discontinuous and shows sloughed cells and de-
bris at the same time after I/R. HuR deletion in IECs also
enhances colitis induced by 3% of dextran sulfate sodium
(DSS) in drinking water. Administration of DSS for 5
days causes acute colitis in both littermate and IE-HuR−/−

mice, but histological injury scores in the colonic mucosa
of IE-HuR−/− mice are ~two-fold that of littermate mice.
Moreover, HuR deletion delays recovery of DSS-induced
colitis, since the degree of granulocyte infiltration and in-
jury/erosions in the colonic mucosa are much high in IE-
HuR−/− mice relative to littermate mice when examined
at the same time after DSS-induced injury.

HuR stimulates rapid healing of the intestinal mu-
cosa after acute injury by enhancing expression of multiple
signaling proteins such as stromal interaction molecule 1
(Stim1) [28], cell division control protein 42 (Cdc42) [17],
14-3-3ζ [39], caveolin-1 [38,41], and vitamin D receptor
(VDR) [40] via direct interactions with their mRNAs. For

example, Stim1 acts as a Ca2+ sensor within stores and is
important for the activation of store-operated Ca2+ entry
that stimulates IEC migration over the wounded area after
injury. HuR binds to and stabilizes the stim1 mRNA via its
3′-UTR, thus increasing Stim1 levels and promoting early
epithelial restitution by inducingCa2+ influx [28]. Cdc42 is
a member of the Rho family of small GTPases and is critical
for actin organization that is essential for cell migration af-
ter wounding. The Cdc42 mRNA is a novel target of HuR,
and interaction of HuR with the Cdc42 mRNA promotes
Cdc42 translation without effect on its total mRNA level.
HuR also modulates subcellular localization of Rac 1, an-
other member of the Rho family. The levels of cytoplas-
mic Rac1 in the intestinal mucosa increases in IE-HuR−/−

mice, although HuR deletion fails to alter total Rac1 abun-
dance [17].

2.4 HuR Promotes Gut Barrier Function

The intestinal epithelium lines the luminal surface of
the mucosa and acts as a physical and biochemical bar-
rier that directly interfaces with a wide array of luminal
toxic substances, pathogens, and microbiota. The struc-
ture of this specialized barrier in the intestinal epithelium is
comprised of various intercellular junction proteins, includ-
ing tight junctions (TJs) and adherens junctions (AJs). TJs
are the most apical element of the junctional complex and
form a selective permeable barrier that blocks even small
molecules from leaking between epithelial cells [1]. Im-
mediately below TJs are cadherin-rich AJs, which provide
strong cell-to-cell interaction and integrate different signals
to modulate epithelial paracellular permeability. Since TJ
and AJ complexes are highly dynamic, maintenance of the
levels of cellular TJ and AJ proteins is crucial for the in-
tegrity of the barrier function in stressful environments.

An increasing body of evidence indicate that HuR
enhances expression of TJs and AJs posttranscriptionally
and its activation is essential for structure and effective-
ness of the epithelial barrier. HuR induces the stability and
translation of mRNAs encoding TJ proteins including oc-
cludin, claudin-1, claudin-3, and JAM-1, and AJ protein E-
cadherin, mostly via direct interaction with their 3′-UTRs,
and thus promotes the intestinal epithelial barrier function
[42–45]. In an in vitro gut permeability model using differ-
entiated IECs, HuR deletion by transfection with siHuR re-
sults in the epithelial barrier dysfunction, as shown by a de-
crease in transepithelial electrical resistance and an increase
in paracellular influx of FITC-dextran. In mice exposed to
septic stress, inhibiting the HuR binding affinity for its tar-
get mRNAs by decreasing Chk2-dependent HuR phospho-
rylation via polyamine depletion decreases the levels of TJs
and AJs and leads to gut barrier dysfunction [42]. Although
IE-HuR−/− mice do not exhibit significant change in the
structure and function of gut barrier without any pathologi-
cal stress, the barrier function in the HuR-deficient epithe-
lium is more susceptible to stress, since increased gut per-
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meability is much high in IE HuR−/− mice compared to
littermates after administration of 3% DSS in drinking wa-
ter or exposure to mesenteric I/R [17]. Moreover, recovery
rates of the gut barrier function after DSS or mesenteric I/R
are slower in IE-HuR−/− mice relative to littermate con-
trols.

Chk2-dependent HuR phosphorylation is necessary
for HuR association with occludin mRNA, and activation
of Chk2 activity enhances formation of the HuR/occludin
mRNA complex and promotes occludin translation [42].
HuR stabilizes claudin-1 transcript by directly interacting
with its 3′-UTR and/or preventing the binding of small
vtRNA vtRNA2-1 to the claudin-1 mRNA [43,45]. More-
over, HuR also induces the expression of cell cycle-related
genes, such as cyclin D1 and c-Myc [29,46,47] and this
stimulatory effect of HuR on intestinal epithelial renewal
also contributes to HuR-mediated enhancement of the gut
barrier function.

2.5 HuR Regulates Paneth Cell Function and Autophagy

Paneth cells are specialized IECs that are located at
the bottom of the crypts in the small intestinal mucosa.
Paneth cells secrete various antimicrobial peptides/proteins
(AMPs) that are necessary for protecting the intestinal ep-
ithelium from enteric pathogenic invasion [48,49]. HuR
enhances the production and release of AMPs via con-
trol of Paneth cell function, thus promoting defense of
the intestinal epithelium [5]. Target deletion of HuR in
IECs leads to defects in Paneth cells, since intestinal tis-
sues from IE-HuR−/− mice exhibit a decrease in the num-
bers of Paneth cells and fewer lysozyme granules per cell,
compared with those observed in littermate mice. Con-
sistently, intestinal organoids generated from IE-HuR−/−

mice have fewer lysozyme-positive cells. Human intestinal
mucosa from patients with IBD also displays decreased lev-
els of HuR, along with a reduction in the number of Paneth
cells [5,50,51]. Mechanistically, HuR deletion reduces cell
surface trafficking of Toll-like receptor 2 (TLR2) and im-
pairs TLR2 membrane localization by inhibiting the pro-
duction of the endoplasmic reticulum chaperone canopy3
(CNPY3). HuR directly binds to the Cnpy3 mRNA via its
CR but not 3′-UTR, and this interaction increases CNPY3
expression by stabilizing Cnpy3 mRNA and stimulating its
translation. These results indicate that the Cnpy3 mRNA
is a target of HuR and that HuR enhances epithelial host
defense by increasing Paneth cell function via TLR2 as a
result of HuR-mediated CNPY3 expression.

Autophagy is a process by which unwanted materials
and pathogens in the cytoplasm are targeted to the lyso-
some for degradation. There are more than 30 members of
autophagy-related genes (ATGs) identified in mammalian
tissues. Autophagy activation is critical for the recognition
and degradation of intracellular pathogens, which acts as an
innate barrier of bacterial infection, whereas deregulation
of autophagy compromises intestinal epithelial host defense

and tissue homeostasis. Furthermore, the role of autophagy
in preserving gut health is exemplified by the fact that cer-
tain bacteria can manipulate the autophagic process to pro-
mote their survival and colonization in the gut. Defects in
autophagy-mediated clearance of intracellular bacteria may
contribute to the chronic inflammation observed in IBD pa-
tients [52,53], since genetic variations in the Atg16l1 gene
induces the risk of developing Crohn’s disease [54].

HuR up-regulates autophagy activity by affecting
ATG expression. HuR silencing represses formation of au-
tophagosome that relies on products of the Atg genes and
is critical for activation of autophagy. HuR directly inter-
acts with the mRNAs encoding ATG16, ATG12, and ATG5
primarily through their 3′-UTRs and increases their stabil-
ity and translation, thus inducing levels of cellular ATG
proteins. Consistently, expression levels of HuR are pos-
itively correlated with the abundances of cellular ATG5
and ATG12 in cancer cells, while levels of both HuR and
ATG16L1 are reduced in human intestinal mucosa obtained
from patients with IBD. TargetedHuR deletion inmice low-
ers the levels of ATG16L1 in the intestinal mucosa, but it
does not alter mucosal abundance of ATG5 [55]. Further-
more, the levels of mucosal microtubule-associated protein
light chain 3 (LC3)-I and LC3-II also decrease in the small
intestine of IE-HuR−/− mice compared with littermates. In
contrast, HuR deletion does not alter transcription of the
Atg genes, since the mucosal levels of all Atg16l1, Atg5,
andAtg7mRNAs in IE-HuR−/− mice are indistinguishable
from those observed in littermate mice.

Taken together, these exciting findings collected from
cultured IECs, intestinal organoids, mice with ablated HuR,
and human tissue samples strongly suggest a novel working
model by which HuR is required for maintaining the intesti-
nal epithelium homeostasis in various pathophysiological
conditions (Fig. 1). According to this model, HuR acti-
vation enhances the intestinal epithelial integrity by stim-
ulating mucosal growth, protecting IECs against apopto-
sis, promoting early epithelial restitution after wounding,
increasing the barrier function, and elevating Paneth cell
function and autophagy. In contrast, disrupted HuR activity
impairs the processes of mucosal regeneration and adapta-
tion, thus compromising the intestinal epithelial homeosta-
sis and contributing to mucosal pathologies such as mas-
sive injury/erosions, delayed healing, gut barrier dysfunc-
tion, and inflammation.

3. HuR in Gut Mucosal Diseases
3.1 HuR in IBD

Several studies show that altered levels of tissue HuR
in the intestinal mucosa are implicated in pathogenesis of
Crohn’s disease (CD) and ulcerative colitis (UC), two types
of IBD in [45,55,56]. We examined the levels of HuR and
Paneth cells in human tissue samples of intestinal mucosa
collected from ileal and colonic mucosal tissues in IBD
patients [57]. HuR is distributed in both the cytoplasm
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Fig. 1. Essential role of HuR in maintaining the intestinal epithelium homeostasis. HuR stimulates mucosal growth, IEC survival,
epithelial repair after injury, gut barrier function, Paneth cell (PC) activity, and autophagy by altering expression levels of its target genes
at the posttranscriptional level. HuR binds to and induces stability and translation of mRNAs that encode proteins involved in regulation
of migration, proliferation, apoptosis, differentiation, and cell-to-cell interaction. HuR function is tightly controlled by multiple factors,
whereas deregulation of HuR expression, its subcellular distribution, and binding affinity for target transcripts disrupts integrity of the
intestinal epithelium, thus contributing to pathogenesis of different gut mucosal disorders. HuR, human antigen R; miRNAs, microRNAs;
TC, tuft cells; EC, enterocytes; ISC, intestinal stem cells.

and nucleus in normal small intestinal mucosa from con-
trol individuals. However, the intestinal mucosa with in-
jury/erosions and inflammation obtained from CD patients
exhibits a remarkable reduction in the levels of HuR pro-
tein, specifically in the cytoplasm, when compared with
those from control individuals. Similarly, levels of HuR
in the colonic mucosa also decrease dramatically in UC
patients relative to control individuals. Interestingly, the
decreased levels of small intestinal mucosal HuR are as-
sociated with defective Paneth cells in patients with CD,
since lysozyme-positive cells are undetectable in the ileal

mucosal tissue samples taken from CD patients. The re-
ducedHuR levels and defective Paneth cells in patients with
CD or UC are also associated with an inhibition of mu-
cosal renewal and an inhibition of TJ expression. The lev-
els of several proteins, including Bcl-2, nucleotide-binding
oligomerization domain 2 (NOD2), and vitamin D receptor
(VDR), also decrease in the intestinal mucosa of patients
with IBD [40,57–60]; all mRNA encoding these proteins
are targets of HuR. These findings suggest that reduced
HuR and subsequent defects in Paneth cell function are in-
volved in the pathogenesis of human IBD.
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3.2 HuR in Cancers
Altered HuR expression and deregulation of its bind-

ing affinity occur commonly in gastrointestinal cancers,
specifically colorectal cancer, but the exact roles of HuR
in carcinogenesis are cell type-dependent manner [19,61–
63]. For instance, HuR promotes cell proliferation and in-
hibits apoptosis in gastric cancer cells [19,64], while HuR
enhances angiogenesis and induces metastasis in colorec-
tal cancer cells [62], although the association of induced
amounts of HuR with cancer aggressive behavior is simi-
lar in both cancers. Moreover, HuR up-regulates expres-
sion levels of cyclin D1, Bcl-2, c-Myc, cyclooxygenase 2
(COX-2) and increases the activity of Wnt/β-catenin sig-
naling, mTOR, MAPK, and NF-κB pathways [64–67]; all
these factors and signaling pathways are involved in patho-
genesis of cancers. HuR is also implicated in chemoresis-
tance in colorectal cancers by altering apoptosis and drug
efflux pumps that transport cytotoxic agents out of cells
[63]. In esophageal cancer, HuR not only enhances the
expression of survivin and counters the expression of tu-
mor suppressor esophageal cancer-related gene 2 [64,68]
but also impacts on the radiosensitivity of esophageal can-
cer by elevating the levels of the epithelial-to-mesenchymal
transition-related protein Snail [69]. In addition, HuR acts
as a prognostic marker since induced expression of HuR is
associated with poor overall survival rates in patients with
gastric or colorectal cancer. These results provide evidence
showing that HuR plays an essential role in pathogenesis
of gut cancers and is a potential target for therapeutic inter-
ventions.

4. HuR Interactions with NcRNAs
Most (>98%) of the mammalian genome is tran-

scribed into huge amounts of ncRNAs, while protein-
coding RNAs (mRNAs) only account for a minority (<2%)
of the transcriptional products [70–72]. Emerged evidence
indicates that interactions of HuR with ncRNAs, includ-
ing lncRNAs, circRNAs, small vault RNAs, and miRNAs,
play an important role in HuR-modulated intestinal epithe-
lial homeostasis. Through the complex molecular associ-
ations of HuR with ncRNAs, HuR alters expression levels
of target genes and enables IECs to adapt and respond to
different stresses, thus maintaining integrity of the intesti-
nal epithelium [23,28,73,74]. On the other hand, disrupted
interactions between HuR and ncRNAs compromise the ep-
ithelium homeostasis and have a great impact on various gut
mucosal disorders.

4.1 HuR Interaction with lncRNAs
LncRNAs can be transcribed from antisense, inter-

genic, or promoter-proximal regions but they have little po-
tential to encode functional proteins. LncRNAs are poorly
conserved in general and theymodulate gene expression via
a broad range of posttranscriptional and/or transcriptional
mechanisms. LncRNAs can function as decoys, scaffolds,

or signals and also act through cis- and trans-regulatory
factors, genomic targeting, and antisense molecules. En-
riched in the intestinal epithelium, several lncRNAs, in-
cluding SPRY4-IT1, H19, TUG1, and GMDS-AS1, control
mucosal renewal, adaptation, and repair after acute injury
predominantly by interacting with HuR [23,73–75].

H19 is a 2.3-kb lncRNA transcribed from theH19/Igf2
gene cluster and it is involved in regulating the gut epithelial
barrier function [23]. The levels of tissueH19 increase dra-
matically in inflamed colonic mucosa and this induction in
the level of tissue H19 damages small intestinal mucosa in
patients with sepsis and IBD. InducedH19 affects intestinal
epithelial renewal, wound healing, and gut barrier function.
Ectopically expressedH19 suppresses expression of TJ ZO-
1 (Zonula occludens-1) andAJ E-cadherin by reducing their
mRNA stability and translation via miR-675, leading to gut
barrier dysfunction. HuR directly binds to H19, prevents
miR-675 processing from H19, thus promoting ZO-1 and
E-cadherin expression and rescuing the barrier function. In
contrast, target deletion of HuR in IECs increases miR-675
abundance in the intestinal mucosa and delays recovery of
the gut barrier function in mice exposed to septic or mesen-
teric I/R stress [17,23]. These results demonstrate the im-
portance of HuR interaction with H19 in regulation of the
gut epithelial barrier function.

LncRNA SPRY4-IT1 is derived from the SPRY4 gene,
and it is shown to regulate proliferation and apoptosis in
cancer cells. The expression of SPRY4-IT1 is upregulated
in patients with gastric cancer or colorectal cancer, which
is correlated with cancer metastasis. SPRY4-IT1 also plays
a critical role in maintaining intestinal epithelium home-
ostasis by affecting gut barrier function through control of
TJ expression. HuR directly binds to SPRY4-IT1 and en-
hances binding of SPRY4-IT1 to the mRNAs encoding TJs
including occludin, claudin-1, claudin-3, and JAM-1 (junc-
tional adhesion molecule 1), thereby promoting SPRY4-
IT1-mediated stimulation of TJ translation [73]. HuR si-
lencing decreases SPRY4-IT1 associationwith these TJmR-
NAs and causes dysfunction of the epithelial barrier. These
results indicate that SPRY4-IT1 and HuR stimulate TJ ex-
pression and promote the epithelial barrier function syner-
gistically.

TUG1 is a 7.1-kb lncRNA that is distributed across
multiple tissues including the intestinal epithelium. TUG1
regulates expression of several target genes through dis-
tinct mechanisms such as chromatin remodeling, miRNA
sequestration, and interactions with RBPs. Aberrant TUG1
expression is commonly observed in the intestinal mu-
cosa of patients with IBD and colorectal cancers. HuR
is able to interact with TUG1, and this association affects
HuR function in various pathologies [74]. Ectopically ex-
pressed TUG1 attenuates mucosal inflammatory progres-
sion of DSS-induced colitis in mice partially by altering
c-Myc expression via control of the balance between HuR
and miR-29b-3p. The mucosal tissue levels of TUG1 are
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decreased by high glucose and high fat, which promotes
apoptosis and release of pro-inflammatory cytokines in the
intestinal epithelium. In contrast, TUG1 overexpression re-
verses these effects and protects IECs against the damage
induced by high glucose and high fat.

LncRNA GMDS-AS1 is expressed in the intestinal
mucosa and its overexpression plays an important role in the
pathogenesis of colorectal carcinoma. Recently, GMDS-
AS1 has been shown to physically interact HuR, and this in-
teraction prevents HuR from being degraded by ubiquitina-
tion or the proteasome [75]. HuR association with GMDS-
AS1 also stabilizes the Stat3 mRNA and results in the ac-
tivation of GMDS-AS1-induced STAT3 signaling. Ectopi-
cally overexpressed HuR restores proliferation of colorectal
cancer cells in the absence of cellular GMDS-AS1.

4.2 HuR Interaction with circRNAs

CircRNAs are a class of diverse endogenous ncRNAs
in mammalian tissues and play critical roles in intestinal
epithelium homeostasis and diseases [10,76]. CircRNAs
are produced via back-splicing reactions and have a cova-
lently closed structure, preventing degradation and increas-
ing their half-life. CircRNAs function as transcriptional
regulators, miRNA sponges, protein decoys, scaffolds, and
recruiters, and they also interact with RBPs such as HuR
[77,78].

CircPABPN1 is transcribed from the PABPN1 gene
and initially identified to modulate PABPN1 expression by
altering HuR interaction with the PABPN1 mRNA in HeLa
cells [79]. CircPABPN1 also regulates intestinal epithelial
autophagy by affecting ATG16L1 expression through in-
teraction with HuR [78]. CircPABPN1 directly binds to
HuR in IECs, and ectopically overexpressed circPABPN1
specifically decreases association of HuR with the Atg16l1
mRNA and represses the expression of ATG16L1 with-
out effect on the expression levels of ATG5 or HuR. Fur-
thermore, elevating the levels of cellular HuR rescues ex-
pression of ATG16L1 in cells overexpressing circPABPN1.
Conversely, circPABPN1 overexpression and HuR silenc-
ing repress ATG16L1 expression synergistically. Circ-
PABPN1 inhibits ATG16L1 translation primarily by pre-
venting HuR binding to the Atg16l1 transcript, since the
Atg16l1mRNAdoes not have potential binding sites for cir-
cPABPN1. Importantly, human intestinal mucosal tissues
from IBD patients display induced levels of circPABPN1
and reduced HuR abundances, along with a decrease in the
level of ATG16L1 and autophagy inactivation. Since HuR
targets multiple mRNAs in IECs, it is possible that circ-
PABPN1 also regulates other transcripts via its association
with HuR to modulate the intestinal epithelial autophagy
and homeostasis.

CircRHOBTB3 plays a tumor suppressive role in the
aggressiveness of colorectal cancer by regulating HuR.Cir-
cRHOBTB3 physically interacts with HuR and promotes
degradation of HuR through ubiquitination [62]. Cir-

cRHOBTB3 also functions as a miRNA sponge in gas-
tric cancer, although target genes by circRHOBTB3 remain
largely unknown. It has been reported that circ0104103 in-
hibits cell growth of colorectal cancer and decreases metas-
tasis at least partially by interacting with HuR [80]. In ad-
dition, expression level of circAGO2 is upregulated in pa-
tients with gastric and colon cancers, which is associated
with poor clinical outcomes. CircAGO2 interacts with and
induces HuR translocation from nucleus to the cytoplasm,
thus altering expression of HuR target genes and enhancing
aggressiveness of cancer [19]. On the other hand, decreas-
ing the interaction between circAGO2 and HuR reduces tu-
morigenesis and cancer cell aggressiveness.

4.3 HuR Interaction with Small vtRNAs
vtRNAs are small ncRNAs synthesized by RNA poly-

merase III and they are associated with giant cytoplas-
mic ribonucleoprotein (RNP) particles termed vaults. Hu-
mans express four vtRNA paralogs vtRNA1-1, vtRNA1-2,
vtRNA1-3, and vtRNA2-1, while mice only produce one
vtRNA [81]. vtRNAs have important roles outside of vault
RNPs and have been linked to many cellular processes, in-
cluding mRNA splicing, nuclear transport, drug resistance,
synaptogenesis, lysosome function, apoptosis, and tumori-
genesis. The free vtRNA1-1 regulates selective autophagy
by directly interacting with the RBP p62 [82]. We have re-
cently found that the expression patterns of vtRNAs in the
intestinal mucosa change significantly in response to stress
and that intestinal mucosa from patients with IBD exhibits
increased levels of vtRNAs [43]. Further studies show that
vtRNA2-1 inhibits expression of TJs occludin, claudin 1,
and AJ E-cadherin posttranscriptionally and leads to gut
barrier dysfunction. vtRNA2-1 represses the translation of
TJs occludin and claudin 1 by disrupting interaction of the
respective mRNAs with HuR. vtRNA2-1 associates with
HuR and abolishes HuR binding to the mRNAs encod-
ing occludin and claudin 1, thus decreasing their transla-
tion. These results indicate that induced vtRNA2-1 dam-
ages function of the intestinal epithelial barrier by inhibiting
HuR-mediated translation of occludin and claudin 1.

4.4 HuR Interaction with miRNAs
MiRNAs are small ncRNA with ~22 nucleotides and

induce gene silencing by guiding argonaute proteins to bind
to 3′-UTR’s of target mRNAs in the miRNA-induced si-
lencing complex. Each miRNA is often able to regulate
more than one mRNA, while each of mRNAs is commonly
targeted by several miRNAs. Emerged evidence indicates
that miRNAs regulate distinct cellular functions and play
a critical role in the pathogenesis of various disorders in-
cluding cancers, delayed healing of wounds, inflammation,
and heart malfunctions. MiRNAs functionally interact with
RBPs such as HuR to jointly modulate shared target mR-
NAs antagonistically or synergistically. As such, HuR as-
sociations with miRNAs are essential for maintaining in-
testinal epithelium homeostasis.
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MiR-195 is a key regulator of intestinal epithelial
homeostasis in health and pathologies by targeting differ-
ent mRNAs encoding proteins involved in proliferation and
migration [28,83]. IncreasedmiR-195 also inhibits IGF sig-
naling by decreasing translation of the IGF2-receptor [84]
but the levels of cellular miR-195 are reduced by lncRNA
uc.173 [85]. Ectopically overexpressed miR-195 represses
early rapid mucosal restitution after acute injury by desta-
bilizing the mRNA encoding Stim1, a protein necessary
for stored-operated Ca2+ influx [28]. Both HuR and miR-
195 target the 3′-UTR of the Stim1 mRNA and alter de-
cay of Stim1 mRNA antagonistically, by which they con-
trol the levels of cellular Stim1 in response to stress. In-
teraction between miR-195 and HuR also regulates func-
tion of Tuft cells by altering expression of double cortin-
like kinase 1 (DCLK1) [86]. Deregulation of Tuft cells by
miR-195 and inactivated HuR contributes to disruption of
epithelial defense and is involved in different gut mucosal
diseases [87,88]. Transgenic overexpression of miR-195
in the intestinal epithelium (miR195-Tg) in mice decreases
numbers of Tuft cells and induces vulnerability of the gut
barrier when exposed to lipopolysaccharide. Mechanisti-
cally, miR-195 directly binds to the Dclk1 mRNA via its
3′-UTR and represses DCLK1 translation. HuR competes
withmiR-195 for binding to theDclk1mRNA, thus increas-
ing DCLK1 expression.

MiR-29a/b is highly expressed in the intestinal ep-
ithelium and its tissue levels change markedly in mucosal
atrophy and gut barrier dysfunction. Ectopic overexpres-
sion of miR-29b causes G1 phase growth arrest of IECs,
whereas decreasing the levels of tissue miR-29b by treat-
ment with LNA-mediated silencer stimulates renewal of
the small intestinal mucosa in mice [89]. MiR-29a/b in-
teracts with the mRNAs encoding cyclin-dependent kinase
2, HMGB1, PTEN, claudin-1, and ZO-1 via their 3′-UTRs
and decreases the stability and translation of these mRNAs,
but the interactions of miR-29a/b with these transcripts are
negatively regulated byHuR [90–94]. HuR interaction with
miR-29b also regulates LRP6 expression in IECs by pre-
venting miR-29b binding to the Lrp6 mRNA [95,96].

MiR-519 is downregulated in gastric and colorectal
cancer, while its overexpression inhibits migration, prolif-
eration, and invasion of these cancer cells by suppressing
activity of the Wnt/β-catenin signals [97,98]. Interestingly,
miR-519 directly binds to the CR of HuR mRNA, result-
ing in the repression of HuR translation. This reduction of
HuR abundance bymiR-519 is associatedwith a decrease in
expression levels of several HuR target mRNAs and subse-
quent inhibition of cell proliferation [99]. Furthermore, the
levels of miR-22 also decrease in colorectal cancer, while
its induction inhibits HuR translation by interacting with 3′-
UTR of the HuRmRNA, contributing to the suppression of
tumor growth [100]. On the other hand, transcription factor
Jun enhances HuR expression by inhibiting transcription of
the miR-22 gene via specific AP1-binding sites in its pro-

moter region. MiR-16 is another regulator of HuR in the
intestinal epithelium, since increased miR-16 inhibits ex-
pression of HuR at translation level, resulting in an inhibi-
tion of COX-2 expression in colon cancers [66].

Together, these observations indicate that HuR and
ncRNAs jointly regulate the stability and translation of tar-
get mRNAs in the intestinal epithelium. Interactions be-
tween HuR and ncRNAs, including lncRNAs, circRNAs,
small vtRNAs, and miRNAs, alter HuR binding affinity for
mRNAs and affect the turnover and translation of HuR tar-
get transcripts synergistically or antagonistically, which is
essential for maintaining homeostasis of the intestinal ep-
ithelium in stressful environments (Fig. 2). In contrast, dis-
ruption ofHuR associationwith ncRNAs is widely involved
in many aspects of pathogenesis of various gut mucosal dis-
orders. Although the precise mechanisms underlying the
regulation of HuR function remain to be fully investigated,
its subcellular localization is intimately linked to its effects
upon target transcripts. Emerged evidence indicates that
most HuR-regulated phenomena in the intestinal mucosa
take place in the cytoplasm, while little is known about the
roles of nuclear HuR in intestinal epithelium homeostasis
and diseases. These findings strongly suggest that HuR and
its binding to ncRNAs are novel therapeutic targets for in-
tervention to protect integrity of the intestinal epithelium
and gut barrier function in the clinical setting.

5. Conclusions
HuR plays an essential role in maintaining the intesti-

nal epithelium homeostasis by regulating mucosal renewal,
protection, repair after acute injury, barrier function, Paneth
cells, Tuft cells, and autophagy. HuR enhances stability
and translation of targetmRNAs by directly interactingwith
their 3′-UTRs or CRs and it functions as a biological regu-
lator of gut mucosal regeneration and adaptation. Activity
of HuR in the intestinal epithelium is tightly regulated by
interacting with ncRNAs, including lncRNAs, circRNAs,
small vtRNAs, and miRNAs, which alter expression levels
of target genes. Competitive binding of HuR and ncRNAs
to particular target mRNAs is important for their function
in the control of mRNA stability and translation and thus
affects epithelium homeostasis. The integrity of the intesti-
nal epithelium depends on a dynamic balance between the
actions of HuR and its interactions with ncRNAs in various
pathophysiological conditions. On the other hand, altered
expression levels of HuR and loss of its binding affinity for
given target mRNAs occur commonly in various patholo-
gies and contribute to various gut mucosal disorders such
as IBD, delayed healing, and cancers.

Clearly, there is still a big gap in our knowledge re-
garding HuR function and its regulation by ncRNAs in
health and damaged intestinal epithelium. The exact mech-
anisms underlying control of HuR expression, its subcellu-
lar trafficking, and Chk2-dependent HuR phosphorylation
remain to be fully investigated at the molecular level. The
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Fig. 2. Regulation of HuR function by ncRNAs in the intestinal epithelium. NcRNAs, including lncRNAs, circRNAs, small Vault
RNA (vtRNAs), and miRNAs, are able to directly interact with HuR and alter HuR binding affinity for mRNAs, thus jointly regulate
stability and translation of target mRNAs synergistically and antagonistically. Some ncRNAs also regulate HuR function via control of
HuR expression levels. On the other hand, interactions between HuR and ncRNAs affect ncRNA binding to given mRNAs and alter the
regulatory effects of ncRNAs on target transcripts or genes.

applications of various state-of-the-art new techniques such
as tissue-specific genetic loss- or gain-function approach
to examine HuR functions in vivo and single cell RNA-
sequence analysis to define novel targets of HuR in indi-
vidual cell type are badly needed and will point out new
directions. Consistent with this effort, targeted deletion of
HuR in IECs is recently shown to specifically alter gene
expression profiles in Paneth cells and impairs the integrity
of the Paneth cell/intestinal stem cell niche [101]. More
studies are also needed to define the mechanisms by which
HuR increases the stability and translation of target mRNAs
and determine if mutations in specific domains of HuR alter
its ability to interact with ncRNAs and affect HuR binding
affinity for 3′-UTRs or CRs of target transcripts.

In addition, the influence of microbiota dysbiosis in-
duced by target HuR deletion on regeneration and adapta-
tion of the intestinal mucosa remains largely unknown and
will provide useful information about the in vivo functions
of HuR via interaction with microbiota. It is possible that
the presence of certain microbial species can enhance or
suppress HuR expression, thus indirectly shaping cellular
responses and contributing to gut mucosal-related patholo-
gies. Recently, it has been reported thatC. difficile infection
induces gut mucosal injury and increases gut permeability,
whereas treatment with Lacticaseibacillus casei strain T21
reduces C. difficile toxin effect by altering HuR expression
[102]. Finally, experiments using various human mucosal

tissue samples from patients with critical illnesses such as
IBD, sepsis, leaky gut, and cancers will increase the impact
of HuR on pathogenesis of intestinal mucosal disorders and
potential clinical application.
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