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ABSTRACT
The human intestinal epithelium has an impressive ability to respond to insults and its homeostasis 
is maintained by well-regulated mechanisms under various pathophysiological conditions. 
Nonetheless, acute injury and inhibited regeneration of the intestinal epithelium occur commonly 
in critically ill surgical patients, leading to the translocation of luminal toxic substances and bacteria 
to the bloodstream. Effective therapies for the preservation of intestinal epithelial integrity and for 
the prevention of mucosal hemorrhage and gut barrier dysfunction are limited, primarily because 
of a poor understanding of the mechanisms underlying mucosal disruption. Noncoding RNAs 
(ncRNAs), which include microRNAs (miRNAs), long ncRNAs (lncRNAs), circular RNAs (circRNAs), and 
small vault RNAs (vtRNAs), modulate a wide array of biological functions and have been identified 
as orchestrators of intestinal epithelial homeostasis. Here, we feature the roles of many important 
ncRNAs in controlling intestinal mucosal growth, barrier function, and repair after injury—particularly 
in the context of postoperative recovery from bowel surgery. We review recent literature surrounding 
the relationships between lncRNAs, microRNAs, and RNA-binding proteins and how their interactions 
impact cell survival, proliferation, migration, and cell-to-cell interactions in the intestinal epithelium. 
With advancing knowledge of ncRNA biology and growing recognition of the importance of ncRNAs 
in maintaining the intestinal epithelial integrity, ncRNAs provide novel therapeutic targets for 
treatments to preserve the gut epithelium in individuals suffering from critical surgical disorders.

Abbreviations:  IECs: intestinal epithelial cells; ncRNAs: noncoding RNAs; lncRNAs: long ncRNAs; 
RBPs: RNA-binding proteins; IBD: inflammatory bowel diseases; RRM: RNA recognition motif; miRNA: 
microRNA; CLP: cecal ligation and puncture; CRs: coding regions; UTRs: untranslated regions; 
circRNAs: circular RNAs; vtRNA: vaultRNA.

Introduction

Maintaining gut epithelial integrity is a complex process that 
demands expeditious alterations in the gene expression pat-
terns of intestinal epithelial cells. This plasticity enables 
these cells to survive, proliferate, and migrate in times of 
pathophysiologic stress. These principles are particularly 
important in surgical patients whose intestines must recover 
and adapt following operative intervention as well as accom-
panying stressors such as dependence on total parenteral 
nutrition (TPN). After injury, inhibition of mucosal renewal 
in the intestine often occurs which can result in sepsis, mul-
tiple organ damage, and ultimately death. Despite this, sup-
portive care remains the standard, and there are limited 
therapies that target restoration of intestinal epithelial regen-
eration and barrier function in patients with critical surgical 
diseases.

The intestinal epithelium quickly alters gene expression 
patterns to respond to stress by utilizing posttranscriptional 
regulation, including the alteration of mRNA stability and 
translation. Noncoding RNAs (ncRNAs) consist of multiple 
subtypes of transcripts, including microRNAs (miRNAs), 
small ncRNAs, long ncRNAs (lncRNAs), and circular RNAs 
(circRNAs). miRNAs bind directly to cis-elements found at 
3′-untranslated regions (3′-UTRs) of their target mRNAs to 
either increase or decrease posttranscriptional gene expres-
sion [1]. Evidence is accumulating that suggests the impor-
tance of these mechanisms in intestinal cell recovery and 
homeostasis following injury [2–5]. In fact, defects in the 
pathways by which noncoding RNAs control mRNA stability 
and translation culminate in deficient epithelial renewal and 
barrier function leading to the sequalae of many critical sur-
gical disorders [6].
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In this review article, we intend to outline the essential 
function of various ncRNAs in directing intestinal mucosal 
growth and adaptation in several pathophysiologic condi-
tions found in surgical patients. We will also detail the 
mechanisms by which ncRNAs influence the stability and 
translation of target mRNAs through their interactions with 
each other and with RNA-binding proteins (RBPs).

Intestinal mucosal adaptation in response to 
surgical stress

The intestinal epithelium is one of three layers of the mucosa 
and is comprised of four major cells types—predominately 
absorptive enterocytes (80%), goblet cells, Paneth cells, and 
enteroendocrine cells (EECs) [7,8]. This intestinal lining is 
highly specialized for its dual purpose of absorbing nutrients 
while simultaneously blocking translocation of harmful bac-
teria into the bloodstream. Specialized EECs also secrete a 
large variety of gut hormones that regulate gastrointestinal 
(GI) activity and nutritional absorption [9]. During weeks 
9–10 of human gestation, columnar epithelium of the intes-
tine invaginates to form villous structures and crypts of 
Lieberkuhn [10]. Cellular differentiation along this 
crypt-villus axis is maintained by multiple signals including 
Wnt pathway [11]. Constantly dividing intestinal stem cells 
(ISCs) located within the crypts generate bipotent progeni-
tors which differentiate into absorptive or secretory offspring 
as they ascend vertically along the crypt-villus axis toward 
the intestinal lumen [10,11].

In response to pathological stress, intestinal epithelial 
cells (IECs) rapidly alter their gene expression [12, 13], 
allowing undifferentiated IECs to replicate quickly within the 
proliferative zone of the crypts and differentiate as they 
migrate toward the intestinal lumen to take the place of lost 
or missing cells [14]. To maintain constant epithelial renewal 
in stressful environments, the pluripotent LGR5+ stem cell 
can be replenished by neighboring lineage-restricted cells 
when LGR5+ cells are inactivated or depleted [15]. Knowledge 
of the mechanisms of intestinal epithelial regeneration and 
differentiation is essential for understanding how the human 
intestinal mucosa adapts and recovers in patients with criti-
cal surgical diseases.

Following massive intestinal resection, the remaining 
small bowel undergoes “intestinal adaptation” to counteract 
lost surface area. Immediately after resection, crypt cells pro-
liferate to increase crypt depth, villus height, tissue oxygen-
ation, and blood flow [10,16]. The structural outcome 
following this process is hyperplasia, angiogenesis, bowel 
dilation, and bowel elongation. Studies from pediatric 
patients show that villus height and crypt depth increase by 
~32% and ~22% at 74 days following resection, respectively 
[17]. Paneth cell abundance within crypts also increases 
markedly 12 hours after resection and this change is sus-
tained up to 28 days thereafter. The hypertrophy of the mus-
cularis mucosa and propria also occurs quickly after 
resection, which results in augmented smooth muscle thick-
ness, prominent mitochondria and sarcoplasmic reticulum, 
and a greater number of muscle cell nexuses [10]. This 

adaptive process is strictly regulated by a myriad of factors 
such as IGF-1, PDGF, TNF-1, and FGF-10 [10,18,19].

Functional changes after massive bowel resection include 
an increase in proteins involved in the transport and 
exchange of nutrients, electrolytes, and water, as well as a 
delay in transit time [20]. Several signaling pathways, specif-
ically epidermal growth factor (EGF) and B-cell lymphoma 
2 (Bcl-2) receptors, are affected by bowel resection and thus 
govern this process [21]. The adapting intestine is more 
metabolically active as shown by increased levels of ion 
channel activity, transporter proteins, transcriptional factors, 
DNA-binding protein receptors, RBPs, and cytoskeleton pro-
teins [22].

Massive small bowel resection also results in a significant 
change in the release of gut hormones. Glucagon-like pep-
tide 2 (GLP-2) is produced by EECs of the intestinal epithe-
lium and its expression levels depend on nutrient ingestion. 
After small bowel resection, GLP-2 levels increase by ~30%, 
which promotes mucosal adaptation primarily by stimulating 
polyamine metabolism [23]. When GLP-2 is administered 
exogenously, morphologic changes in the small bowel include 
increased length, mucosal thickness, villus height, and muco-
sal surface area [24]. These changes in gut morphology are 
also apparent in other surgical states such as gut bypass sur-
gery, after which GLP-2 levels increase resulting in restored 
absorptive mucosal surface [25].

When more than half of the small intestine is removed, 
the resultant condition is known as short gut syndrome, 
which commonly requires chronic TPN. Because the pres-
ence of food is a strong pro-proliferative stimulus of the gut 
epithelium, chronic TPN inhibits mucosal growth in the 
intestine at least in part by decreasing FGF release [26]. 
Furthermore, these surgical patients commonly experience 
states of polyamine depletion either due to loss of dietary 
polyamines during TPN use or from increased excretion 
postoperatively, the consequences of which will be detailed 
throughout this review [12,27]. In the upcoming sections, 
we will detail how many of these integral postoperative sig-
naling pathways are regulated under the influence of ncRNAs.

MicroRNAs in gut mucosal growth and adaptation

miRNAs are small ncRNAs which influence translation and 
degradation of targeted mRNAs by interacting directly with 
their 3′-UTR [28]. They are known to regulate more than 
30% of mammalian gene transcripts [29]. Emerging evidence 
indicates that miRNAs regulate intestinal mucosal regenera-
tion and adaptation, and that control of miRNAs is essential 
for maintaining the intestinal epithelium homeostasis. 
miRNA levels are rapidly altered in surgical states such as 
bowel resection and bariatric surgery [30,31]. Our group has 
generated profiles of global miRNA expression in small 
intestine mucosa and cultured IECs which demonstrate high 
expression levels of multiple miRNAs, particularly 
miRNA-222, miRNA-29b, miRNA-322/503, and miR-195, the 
functions of which we will detail here. Levels of these miR-
NAs also vary dramatically in other pathological stress states 
such as polyamine depletion and food starvation. Here, we 
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briefly outline the unique roles of miRNAs that are known 
to function in small intestine mucosal regeneration, barrier 
function, and adaptation in critical surgical conditions.

miR-222

miR-222, encoded on the X-chromosome, is conserved 
across species [32]. In the intestinal epithelium, miR-222 is 
highly expressed and its levels change considerably in times 
of pathologic stress such as starvation or mucosal injury 
[33,34]. In cultured IECs, polyamine depletion increases cel-
lular miR-222 and strengthens miR-222 interaction with the 
RBP CUG-binding protein 1 (CUGBP1) [33]. Increased 
association of miR-222 with CUGBP1 diminishes the trans-
lation of cyclin-dependent kinase 4 (CDK4), leading to an 
inhibition of IEC proliferation. miR-222 overexpression also 
decreases levels of zipcode binding protein-1 (ZBP1) and 
phospholipase C-g1 (PLCg1) in IECs; two proteins intimately 
involved in gut mucosal regeneration and rapid epithelial 
restitution following an insult [34].

By using intestine epithelial tissue-specific miR-222 
transgenic (miR222-Tg) mice, we have further investigated 
the in vivo function of miR-222 in the intestinal epithelium. 
We found that miR222-Tg mice did not demonstrate alter-
ations in body weight or gross GI morphology, but they do 
experience inhibited mucosal growth in the small bowel 
[35]. Congruent with results observed in cultured IECs, the 
mucosal abundance of proliferative markers, including 
CDK4, Ki67, and PCNA, decreases in the small bowel of 
miR222-Tg mice relative to control littermates [35]. Intestine 
specific miR-222 overexpression does not inherently induce 
mucosal damage or cellular demise, but it does increase the 
susceptibility of intestinal epithelial cells to pathologic stress. 
Ectopic expression of miR-222 also delays mucosal resto-
ration following mesenteric ischemia/reperfusion (I/R)-
induced injury and exacerbates intestinal barrier dysfunction 
secondary to cecal ligation and puncture (CLP) [35].

The mRNA encoding Wnt receptor Frizzled-7 (FZD7) 
has been identified as a novel target of miR-222, and 
local increases in miR-222 expression in the intestinal 
epithelium downregulate the Wnt signaling pathway by 
repressing expression of FZD7 [35]. This relationship 
accounts in part for the inhibited mucosal growth, non-
healed wounds, and intestinal barrier dysfunction accom-
panying miR-222 upregulation secondary to polyamine 
depletion in surgical patients, as well as in these models 
of surgical stress.

miR-29b

miR-29b is the most highly expressed constituent of the 
miR-29 family. miR-29b regulates cell growth and apoptosis 
and is implicated in various cellular tasks and certain malig-
nancies through its modulation of target mRNAs and vari-
ous cell signaling pathways [36,37]. miR-29b is essential in 
the adaptive immune response via interactions with 
interferon-γ and is implicated in the etiology of inflamma-
tory bowel disease (IBD), wherein loss of its anti-fibrotic 

and anti-inflammatory properties leads to inflammation and 
stricture [38,39].

Our group has explored the involvement of miR-29b in 
intestinal epithelial homeostasis utilizing mouse models 
including food starvation and polyamine depletion. We have 
demonstrated increases in the levels of miR-29b during these 
times of stress, coinciding with inhibited mucosal growth 
and dysfunction of the intestinal barrier [40]. Conversely, 
miR-29b silencing in mice stimulates regeneration of the 
intestinal epithelium and promotes gut barrier integrity. 
miR-29b exhibits this effect by targeting and repressing the 
mRNA encoding CDK2, ultimately resulting in G1 phase 
growth arrest of IECs [40]. In intestinal epithelial tissues, 
miR-29b abundance is tightly controlled by JunD at the 
transcriptional level [41,42]. JunD is an activator protein 
(AP)-1 transcription factor and interacts directly with the 
miR-29b1 promoter to stimulate its expression. JunD inhibits 
mucosal growth and weakens gut barrier integrity by elevat-
ing levels of p21 and by decreasing CDK4 and tight junction 
proteins [41]. miR-29b also influences mucosal regeneration 
through repression of the Wnt co-receptor LRP6 and the 
RBP HuR, thus inhibiting IEC proliferation and impairing 
gut barrier integrity [40,43]. miR-29b also targets Men1 
mRNA to repress its expression posttranscriptionally, thereby 
lowering Menin protein and altering susceptibility of IECs to 
apoptosis [44]. Given these findings, miR-29b represents an 
interesting target for pharmacotherapy to improve gut muco-
sal regeneration and barrier function.

miR-195

miR-195 is conserved throughout evolution, and it is abun-
dant in the epithelial tissue of the intestine [45]. miR-195 
regulates cell proliferation through control of the expression 
of various molecules. Its levels are downregulated in numer-
ous human cancers, and upregulated in states of mucosal 
atrophy secondary to starvation [45–48]. Within intestinal 
epithelial tissues, miR-195 functions cooperatively with 
CUGBP1 to repress the translation of insulin-like growth 
factor 2 receptor (IGF2R), thereby impairing mucosal regen-
eration and adaptation [49].

miR-195 also influences intestinal wound healing after 
surgical insult through exerting control over rapid epithelial 
restitution, the process by which epithelial cells migrate over 
the wounded area and re-differentiate to close the defect 
[45]. miR-195 interacts stim1 mRNA to destabilize and pre-
vent its translation, which prevents epithelial restitution after 
wounding by reducing Ca2+ influx. miR-195 association with 
stim1 is prevented by HuR, and the miR-195-mediated inhi-
bition of epithelial restitution is consistently blocked by HuR 
overexpression [45]. Further investigation reveals that 
miR-195 and HuR compete to bind to the stim1 3′-UTR and 
that the interaction between miR-195 and HuR controls sta-
bility of the stim1 mRNA [45].

Another mechanism by which miR-195 decreases epithelial 
restitution is through the regulation of actin-related proteins 
(ARPs). miR-195 overexpression destabilizes the ARP-2 
mRNA, decreases cellular ARP-2 levels, and slows down IEC 
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migration over wounded regions through inhibiting formation 
of F-actin stress fibers [50]. Moreover, miR195-Tg mice also 
exhibit an increase in vulnerability of the intestinal barrier to 
lipopolysaccharide (LPS).

miR-195 levels in the intestinal epithelium are highly con-
trolled by cellular polyamines and lncRNA uc.173 [50,51]. 
Polyamine depletion increases expression of miR-195 in IECs, 
whereas elevated levels of polyamines decrease miR-195 abun-
dance. In addition, uc.173 associates directly with the primary 
miR-195 (pri-miR-195) to induce pri-miR-195 degradation 
[51]. Together, these results imply that miR-195 negatively 
regulates homeostasis of the intestinal epithelium, and dereg-
ulated miR-195 in patients with critical surgical disorders dis-
rupts renewal of the intestinal mucosa to cause gut barrier 
dysfunction.

miR-125a/214

miR-125a and miR-214 levels increase notably (~2.4-fold 
and ~3.2-fold, respectively), following massive intestine 
resection in rats [29]. Further experiments demonstrate that 
the increased levels of miR-125a and 214 contribute to the 
increased apoptosis seen following small bowel resection and 
that increasing levels of miR-125a reduces expression of the 
antiapoptotic gene Mcl1 of the Bcl-2 family [52]. These stud-
ies align with previous works that show the involvement of 
EGF signaling and other Bcl-2 family members in regulating 
apoptosis during intestinal adaptation [29,53]. As mentioned 
earlier, GLP-2 has intestinotrophic effects and its levels 
increase following massive bowel resection. Treatment with 
GLP-2 increases regeneration of the intestinal mucosa in 
short bowel rats by downregulating the content of exosomal 
miR-125a/b [54]. This exemplifies how known therapies for 
surgical diseases such as short gut syndrome can be further 
explained using knowledge of miRNA pathways.

miR-503/322

miR-503 is highly conserved in a wide variety of species and 
it is clustered with miR-322 on the X chromosome [55,56]. 
Both miR-503 and miR-322 are involved in various human 
pathologies including cardiovascular disease and cancer [57]. 
In the intestinal epithelium, miR-503/322 expression 
decreases markedly in the state of mucosal atrophy following 
food starvation and polyamine depletion [1,58]. Increasing 
the levels of miR-503 represses CUGBP1 expression and 
induces vulnerability of IEC cells to apoptosis by increasing 
c-Myc [58]. Mechanistically, miR-503 recruits the Cugbp1 
mRNA to P-bodies where non-translating mRNAs are har-
bored and targeted for deadenylation and degradation [58]. 
miR-503 and miR-322 also regulate apoptosis by altering the 
expression of Smurf2, an ubiquitin ligase which targets cer-
tain proteins for degradation. Lowering miR-322/503 levels 
increase Smurf2 levels, ultimately increasing resistance of 
IECs to apoptosis [56].

In summary, levels of tissue miRNAs in the gut mucosa 
are markedly affected by critical surgical stress, food starva-
tion, and polyamine levels [49–51]. miRNAs can directly 

bind to target mRNAs to function as mRNA destabilizers 
and/or repressors of mRNA translation, thus decreasing 
expression levels of various target genes (Figure 1). RBPs 
such as HuR and CUGBP1 interact with miRNAs such as 
miR-195 and miR-222 and jointly regulate production of tar-
get mRNAs synergistically or antagonistically [45,49]. This 
evidence shows that altering levels of different miRNAs in 
patients with critical surgical disorders disrupts intestinal 
epithelium homeostasis and adaptation by impairing IEC 
survival, proliferation, migration, and cell-to-cell interaction. 
These pathways should be investigated for pharmacologic 
therapies. Although a comprehensive explanation of all 
known miRNA is beyond the scope of this paper, we have 
summarized other known miRNAs, including miR-16, 
miR-146a, miR-let7e-5p, miR-429, miR-21, miR-29a, 
miR-125b, miR-200c, and miR-144 [59–66], which are rele-
vant to gut mucosal function in Table 1.

LncRNAs in gut mucosal growth and adaptation

LncRNA are a subgroup of ncRNAs defined by length 
greater than 200 nucleotides. They participate in diverse cel-
lular mechanisms and pathobiologies [67–70]. LncRNA are 
transcribed by RNA polymerase II and share structural sim-
ilarities with mRNAs. However, lncRNAs are unique from 
other regulatory and structural RNAs in that they are not 
well conserved across species, and their expression is cell 
type specific in response to different stresses [2,71]. LncRNAs 
function in various ways including chromatin reprogram-
ming, cis-regulation at enhancers, and posttranscriptional 
regulation of mRNA processing [68]. LncRNAs also act as 
molecular signals, decoys, RNA guides, and molecular 

Figure 1.  miRNAs regulate the intestinal epithelium homeostasis by alter-
ing IEC survival, proliferation, migration, and cell-to-cell interaction. In this 
model, the levels of mucosal miRNAs are increased in the intestine after 
exposure to various pathological stresses. Increased miRNAs inhibit expres-
sion of their target genes by decreasing stability and translation of the 
mRNAs, thus leading to disruption of the gut epithelium homeostasis. RNA 
binding proteins (RBPs) such as HuR and CUGBP1 can interact with miRNAs 
including miR-195 and miR-222 and modulate their regulatory functions 
antagonistically or synergistically.
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scaffolds. A few functional lncRNAs have been identified 
and well investigated in humans thus far, though an increas-
ing body of evidence indicates that lncRNAs modulate 
regeneration and adaptation of the intestinal epithelium. The 
dysregulation and mutations of lncRNAs are closely impli-
cated in the pathogenesis of many gut mucosal disorders. 
Here, we outline several well described lncRNAs that have 
been evaluated and shown to play an essential role in main-
taining homeostasis of the intestinal epithelium.

uc.173

A number of lncRNAs are transcribed from genomic ultra-
conserved regions (T-UCRs) which are absolutely conserved 
between orthologous regions of human, rat, and mouse 
genomes [2]. uc.173 is a member of the T-UCR family and 
highly expressed in the intestinal epithelium [71]. Expression 
levels of uc.173 decrease dramatically in mouse intestinal 
mucosa after exposure to food starvation, which is accompa-
nied by inhibited intestinal epithelial renewal [72]. Inhibition 
of uc.173 by treatment with its antagonist inhibits small 
bowel mucosal growth in mice. Interestingly, intestinal 
mucosal tissue samples collected from patients with Crohn’s 
disease demonstrate a notable decrease in uc.173 levels in 
comparison to control individuals.

In cultured IEC-6 cells, raising the uc.173 levels increases 
cell proliferation, while attenuating uc.173 prevents IEC divi-
sion. Similarly, ectopically expressed uc.173 stimulates growth 

of primarily cultured intestinal organoids. uc.173 promotes 
growth of small bowel mucosa in part by decreasing miR-195, 
which we have previously described as a biologic disruptor of 
intestinal epithelial renewal [49,50]. Increasing endogenous 
miR-195 by uc.173 silencing with locked nucleic acid 
anti-uc.173 inhibits IEC proliferation. Mechanistically, uc.173 
associates directly with pri-miR-195, resulting in an increase 
in miR-195 degradation [72].

uc.173 also improves the integrity of the epithelial barrier 
by promoting production of the tight junction (TJ) protein 
claudin-1 [42]. Decreasing the levels of cellular uc.173 by its 
silencer impairs gut barrier function in an in vitro model by 
specifically reducing the amount of claudin-1. In mice, 
decreased uc.173 expression results in high susceptibility of the 
intestinal barrier to septic stress induced by CLP. Exposure to 
CLP consistently lowers production of TJ proteins claudin-1 
and claudin-3 in the intestinal mucosa, but these decreases in 
claudin-1 are more pronounced with anti-uc.173-treated mice. 
uc.173 increases translation of claudin-1 through interacting 
with miR-29b rather than directly associating with the claudin-1 
mRNA. uc.173 functions as a decoy RNA for miR-29b which 
directly binds to claudin-1 mRNA to repress claudin-1 transla-
tion. Ectopic overexpression of uc.173 prevents the interaction 
of miR-29b with claudin-1 mRNA and rescues claudin-1 pro-
duction in cells with high levels of miR-29b, thus restoring 
epithelial barrier function [42]. Therefore, delivery of uc.173 is 
protective of the epithelial barrier.

uc.230

uc.230 is another member of the T-UCR family of lncRNAs 
and has been recognized as a major regulator of epithelial 
regeneration, apoptosis, and barrier integrity in the intes-
tine [2,73]. The levels of uc.230 are increased in samples 
from individuals with ulcerative colitis, in mouse models of 
colitis and fasting, and in states of polyamine depletion [2]. 
Decreasing cellular uc.230 prevents proliferation of IECs in 
vitro and inhibits growth of intestinal organoids ex vivo, 
thus leading to epithelial barrier dysfunction. Silencing 
uc.230 causes dysfunction of the epithelial barrier and 
increases vulnerability to apoptosis, while its overexpres-
sion proves to be protective. Attenuating uc.230 levels in 
mice enhances mucosal inflammatory injury and delays 
recovery of damaged mucosa in colon after administration 
of dextran sulfate sodium (DSS) in drinking water [2]. 
Mechanistically, uc.230 increases CUGBP1 by functioning 
as a natural decoy RNA for miR-503, which associates with 
Cugbp1 mRNA to repress its translation. Together, uc.230 
appears to protect the mucosa from further injury during 
times of inflammation by promoting epithelial renewal and 
decreasing susceptibility to apoptosis. These findings sug-
gest that the uc.230/CUGBP1 axis is another potential ther-
apeutic target for patients with gut mucosal inflammatory 
disorders.

SPRY4-IT1

LncRNA sprouty receptor kinase signaling antagonist 
4-intronic transcript 1 (SPRY4-IT1) is derived from an intron 

Table 1. F unctions and targets of miRNAs in the intestinal epithelium.

Names Major functions and targets References

miR-222 Inhibits mucosal growth, delays wound 
healing

Disrupts intestinal barrier function
Downregulates Wnt signal and CDK4
Levels increase considerably in pathologic 

stress

[33–35]

miR-29b Inhibits mucosal generation and gut barrier 
function

Targets CDK2, claudin-1, and Menin

[40–42]
[43,44]

miR-195 Impairs mucosal regeneration and adaptation
Inhibits rapid restitution and wound healing
Targets STMI1 and IGFR
Interacts with uc.173

[45,50,51]
[45,49]

miR-125a/214 Increases apoptosis
Levels increase after massive intestine 

resection

[50]
[52,53]

miR-503/322 Protects against apoptosis and increases 
proliferation

Decreases in the state of mucosal atrophy

[56,58]

miR-16 Elicits G1 phase growth arrest in IEC [21]
miR-146a Regulates immune tolerance

Represses Toll-like receptor
Regulates protection against bacteria

[58]

miR-let-7e-5p Impairs barrier integrity
Inhibits expression of claudin-1 and 

E-cadherin

[60]

miR-429 Disrupts barrier function by targeting occludin [61]
miR-21 Its levels increase by Type 1 diabetes

Regulates inflammation and injury
Increases in IBD and bowel obstruction

[62]

miR-29a Regulates intestinal permeability in irritable 
bowel syndrome

[63]

miR-125b Regulates tight junction proteins
Interacts with miR-16

[64]

miR-200c Increases gut permeability by targeting 
occludin

[65]

miR-144 Regulates gut permeability via occludin and 
ZO1

[66]
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of the SPRY4 gene and expressed in a variety of human cell 
types including the intestinal epithelium [74,75]. SPRY4-IT1 
is primarily localized in cell cytoplasm, and its expression 
increases markedly in many human malignancies such as 
bladder, renal, gallbladder, and gastric cancer [75,76]. Our 
team has examined the involvement of SPRY4-IT1 in main-
taining homeostasis of the intestinal epithelium. In samples 
of bowel tissue from patients with leaky gut, there are lower 
levels of SPRY4-IT1, as well as low levels of TJ proteins 
including claudin-1, claudin-3, occludin, and JAM-1 [77]. 
Similarly, when SPRY4-IT1 is silenced in vitro, epithelial cells 
exhibit inhibited expression of the aforementioned proteins. 
Decreasing the levels of cellular SPRY4-IT1 also interrupts 
gut barrier function in an in vitro model, as demonstrated 
by a decrease in the values of transepithelial electrical resis-
tance and an increase in paracellular permeability. In con-
trast, SPRY4-IT1 overexpression in gut mucosa protects the 
integrity of the intestinal barrier in septic mice induced by 
CLP. Mice exposed to CLP also exhibit lower levels of tissue 
claudin-1, claudin-3, occludin, and JAM-1 in the intestinal 
mucosa, but this effect is attenuated or counteracted com-
pletely by elevating mucosal SPRY4-IT1 levels.

Mechanistically, SPRY4-IT1 regulates production of TJ 
proteins posttranscriptionally by stabilizing and stimulating 
the translation of mRNAs encoding these TJ proteins via 
improvement of the association between the mRNAs and 
highly activated polyribosomes. Interestingly, the interactions 
between SPRY4-IT1 and TJ mRNAs are enhanced by the 
RBP HuR [77]. This link makes SPRY4-IT1 a novel target 
for molecular therapies for critical surgical patients, such as 
sepsis, trauma, and thermal injury, who experience associ-
ated altered gut permeability.

H19

H19 is a 2.3-kb lncRNA transcribed from conserved 
imprinted H19/igf2 gene cluster located on chromosome 
11p15.5 in humans [78]. H19 levels are increased in murine 
colitis models and mucosal tissue samples from individuals 
with ulcerative colitis and sepsis [79,80]. In an in vitro sys-
tem, overexpression of H19 impedes intestinal barrier func-
tion by inhibiting the production of TJ protein ZO-1 and AJ 
protein E-cadherin [81]. H19 represses expression of ZO-1 
and E-cadherin by reducing stability and translation of the 
ZO-1 and E-cadherin mRNAs.

Further study shows that increased H19 exhibits its effect 
on the barrier by increasing production of miR-675-3p and 
miR-675-5p [81], two conserved miRNAs derived from H19 
exon 1. This effect is counteracted by HuR, since HuR inter-
acts with H19 and decreases miR-675 levels by preventing its 
processing from H19. Consistently, increasing HuR levels 
restores expression of ZO-1 and E-cadherin, thus protecting 
the epithelial barrier function in the epithelium overex-
pressing H19.

In addition to its effects on TJ and AJ proteins, it has 
been also reported that elevated H19 contributes to the 
pathogenesis of gut barrier dysfunction through debilitating 
function of Paneth cells and goblet cells and suppressing 

autophagy [80]. In H19-knockout mice, both Paneth cells 
and goblet cells are preserved against septic stress. 
Furthermore, autophagy activity and intestinal barrier func-
tion are protected after exposure to CLP in H19-deficient 
mice. Intestinal organoids derived from H19-knockout mice 
have a greater number of Paneth cells and goblet cells, and 
they also are more tolerant to LPS than their control coun-
terparts. In contrast, H19 upregulation in cultured epithelial 
cells prohibits rapamycin-induced autophagy and counteracts 
the rapamycin-induced protection of the epithelial barrier 
against LPS [80].

Increased H19 in inflamed intestinal tissues is also shown 
to antagonize p53 function and inhibits activities of miR-34b 
and let-7 by altering the IL-22/STAT3 and cAMP-independent 
protein kinase-A pathways, thus contributing to the control 
of intestinal epithelial repair after injury [79]. Although H19 
functions as a let-7 sponge in other studies, reducing the 
cellular levels of let-7 does not independently lower the 
expression of ZO-1 and E-cadherin [81].

Consistently, intestinal mucosal tissues from patients with 
adhesive small bowel obstruction also exhibit increased H19 
expression that is positively correlated to aquaporin-3 (AQP3) 
and inversely proportional to miR-874. H19 acts as a compet-
itor for miR-874 and leads to the stimulation of AQP3 
expression [82]. Taken together, these studies indicate that 
induced H19 contributes gut barrier dysfunction (Figure 2) 
and that attenuating the effect of H19 may prove protective 
against bacterial translocation in individuals with sepsis.

Gata6

LncRNA Gata6 serves a unique purpose in the regulation of 
gut adaptation and recovery through its influence on ISCs. 
Unlike uc.173 and uc.230 which are constitutively expressed 
in all IECs, transcriptome analysis conducted in sorted Lgr5+ 
and Lgr5– crypt cells isolated from the intestinal mucosa 
reveals that Gata6 levels are significantly elevated in adult 
intestinal epithelial cells when compared to other cell types 
[83]. When the Gata6 locus is deleted from the mouse 
genome, ISCs lose their ability to differentiate; therefore, the 
mucosa is unable to regenerate following acute injury sec-
ondary to radiation [83]. Mechanistically, Gata6 enhances 
ISC proliferation by activating WNT signals via stimulation 
of Ehf transcription and by recruiting the NURF complex 
onto the Ehf promoter. Gata6 expression is elevated in 
human colon cancers, and levels correlate positively with 
disease severity and prognosis in patients, thus making it a 
potential target for cancer therapy [83]. It may conversely be 
a valuable target to encourage mucosal regeneration. This 
concept highlights the essential balance between epithelial 
recovery and the consequences of over-proliferation in the 
intestinal epithelium.

In summary, we have demonstrated how lncRNAs work 
alongside miRNA and RBPs in complex regulatory networks 
that control intestinal epithelial regeneration and adaptation 
in various pathological conditions. These molecules are an 
exciting potential therapeutic target for surgical recovery, 
inflammatory disorders, and oncologic therapies. In 



Journal of Investigative Surgery 7

addition, several other lncRNAs, including BMP1, PlncRNA1, 
CCAT1, BC012900, and NAIL [4,84–87], listed in Table 2 
have been identified and investigated in the intestinal epithe-
lium, but their roles and involvement in the process of 
recovery from critical surgical stress are not yet fully 
understood.

CircRNAs in intestinal mucosal healing

CircRNAs are a varied class of endogenous ncRNAs that fre-
quently have altered expression based in different tissue 
types, disease states, and developmental stages [88]. Their 
covalently closed looped structures do not have 5′ to 3′ 

ends, and they are generated by an alternative splicing pro-
cess known as back-splicing. The circular structure of cir-
cRNAs makes them uniquely resistant to degradation, 
resulting in a prolonged half-life when compared to linear 
RNAs. CircRNAs are commonly concentrated in cellular 
cytoplasm and participate in various biological mechanisms 
via functioning as miRNA sponges, protein scaffolds, decoys, 
and recruiters [89,90]. Each circRNA can have one or many 
miRNA-binding sites, and some are shown to harbor bind-
ing sites for numerous different miRNAs. CircRNAs also act 
in tandem with RBPs to regulate gene expression and are 
involved in many aspects of multiple cellular functions and 
pathologies in the intestinal epithelium [89–91].

circHIPK3

circHIPK3 originates from exon 2 of the HIPK3 gene via 
direct back-splicing and has been identified in many mam-
malian tissues including the intestine [92,93]. circHIPK3 
controls cellular mechanisms in a cell-type-dependent man-
ner primarily through its association with various miRNAs 
[94]. Utilizing genome-wide profiling analysis, our group has 
identified ~300 circRNAs, including circHIPK3, whose levels 
vary significantly in the gut mucosa of CLP-mice relative to 
sham mice [93]. In mucosal samples from patients with sep-
sis or IBD, circHIPK3 levels decrease remarkably. In an in 
vitro model and in mice with intestinal mucosal injury, 
increasing the levels of cellular circHIPK3 improves intestinal 
epithelial repair after wounding, while circHIPK3 downregu-
lation delays recovery of damaged mucosa. Inhibition of cir-
cHIPK3 also decreases IEC proliferation and growth of 
intestinal organoids. Mechanistically, circHIPK3 stimulates 
mucosal healing and promotes constant epithelial renewal in 

Figure 2. L ncRNA H19 disrupts the intestinal defense and barrier function via distinct mechamisms. Induced levels of mucosal H19 in the intestine by septic stress 
and mucosal inflammation repress expression of tight junctions (TJs) and adherens junctions (AJs), impair autophagy, and disrupt function of Paneth cells (PCs) 
and goblet cells. H19 inhibits expression of ZO-1 and E-cadherin posttranscriptionally through release of miR-675 embedded in H19 exon 1, and this inhibition is 
prevented by HuR.

Table 2. F unction of lncRNA in the intestinal epithelium.

Names Functions and targets References

uc.173 Stimulates mucosal growth by decreasing 
miR-195

Protects gut barrier by interacting with miR-29b

[72]
[42]

uc.230 Regulates regeneration, apoptosis, and barrier 
integrity

Interacts with CUGBP1

[73]

SPRY4-IT1 Protects gut barrier by enhancing tight junctions
Interacts with HuR

[77]

H19 Disrupts gut barrier by reducing junction 
proteins

Impairs function of Paneth and goblet cells

[81]
[80]

Gata6 Regulates ISC proliferation via WNT signals [84]
BMP1 Promotes mucosal healing via miR-128 [4]
PlncRNA1 Protects epithelial barrier by interacting with 

miR-34c
[86]

CCAT1 Increases inflammation by sponging miR-185-3p [87]
BC012900 Inhibits cell proliferation and increases apoptosis [88]
NAIL Plays a role in colitis via NFκB activity

Inactivates Wip1 by interacting with miR-148-3p
[89]
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the intestine by altering miR-29b activity. circHIPK3 directly 
binds to miR-29b to decrease the availability of miR-29b, 
thus resulting in an increase in the levels of Rac1, Cdc42, 
and cyclin B1 (Figure 3).

circPABPN1

CircPABPN1 is derived from the PABPN1 gene and shown 
to modulate PABPN1 levels through disrupting the interac-
tion between HuR and PABPN1 mRNA [95]. Our recent 
studies show that circPABPN1 regulates the intestinal 
epithelial-host defense and barrier integrity through interac-
tion with HuR to influence autophagy [96]. Overexpression 
of circPABPN1 stops the association of HuR with the Atg16l1 
mRNA which culminates in reduction of the ATG16L1 pro-
tein and therefore prevents autophagy activation. This inhi-
bition is specific, since circPABPN1 does not impact 
expression levels of other autophagy proteins such as ATG5. 
Interestingly, elevation of HuR levels recovers ATG16L1 
expression in cells that overexpress circPABPN1, whereas 
decreasing the levels of cellular HuR and ectopically overex-
pressed circPABPN1 repress ATG16L1 expression synergisti-
cally. Human intestinal mucosal samples retrieved from 
patients with IBD display an elevated amount of circPABPN1 
and lower HuR level, which is associated with a reduction in 
ATG16L1 protein and gut barrier dysfunction [96]. Together 
these results suggest that circPABPN1 influences autophagy 
activation by altering ATG16L1 expression by affecting HuR 
function in the intestinal epithelium, ultimately altering 
intestinal epithelium-host defense and barrier function.

Cdr1as

Cdr1as is ubiquitous in the human body and shown to act 
as a sponge and antagonist for miR-7 [91]. We have recently 
identified Cdr1as as a repressor of intestinal epithelial regen-
eration and defense [97]. Cdr1as levels increase in mouse 
intestinal mucosa after colitis and septic stress, as well as in 

human intestinal mucosal samples from individuals with 
sepsis and IBD. Ablation of the Cdr1as locus from the 
mouse genome enhances renewal of the intestinal mucosa, 
promotes injury-induced epithelial regeneration, and protects 
the mucosa against DSS-induced colitis. More than 40 miR-
NAs, including miR-195, are differentially expressed among 
the intestinal mucosa of Cdr1as knockout vs littermate mice. 
Elevating the amount of Cdr1as inhibits intestinal epithelial 
recovery following wounding in cultured IECs and represses 
growth of intestinal organoids, but this inhibition is counter-
acted by miR-195 knockdown [97].These exciting findings 
suggest that Cdr1as inhibits recovery of damaged mucosa in 
the intestine partially via its interaction with miR-195.

Small noncoding vault RNAs in gut barrier function

Vault RNAs (vtRNAs) are small ncRNAs with ~100 nucleo-
tides transcribed by RNA polymerase III [98]. vtRNAs are 
highly expressed in many eukaryotes and they interact with 
giant cytoplasmic ribonucleoprotein particles termed vaults 
that contain major vault proteins (MVPs). vtRNAs also func-
tion independently of MVPs and are associated with many 
cellular processes, including mRNA splicing, nuclear trans-
port, drug resistance, synaptogenesis, lysosome function, 
apoptosis, and tumorigenesis [98,99]. Humans express four 
vtRNA paralogs, including vtRNA1-1, vtRNA1-2, vtRNA1-3, 
and vtRNA2-1, while mice only produce one vtRNA. The 
levels of vtRNAs increase in response to stress, and a rise in 
free vtRNA levels modulates many cellular processes and 
functions. Recent studies reveal an important role of these 
abundant small vtRNAs in intestinal epithelium homeostasis 
and pathologies [99].

vtRNA2-1 is a 108-nucleotide long ncRNA and can be 
incorporated into vault particles or remain free in the cyto-
plasm. We have recently reported that vtRNA2-1 functions 
as a novel orchestrator of the intestinal barrier via interac-
tion with HuR [3]. Samples of the intestine taken from indi-
viduals with IBD and from mice with colitis or sepsis express 

Figure 3.  Model proposed to explain the influence of circHIPK3 upon intestinal epithelial repair after wounding. The levels of circHIPK3 are markedly altered in 
the intestinal mucosal tissues from patients with sepsis, Crohn’s disease, and ulcerative colitis. Increased circHIPK3 plays an essential role in intestinal mucosal 
repair after injury via interaction with miR-29b.
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increased levels of vtRNAs relative to controls. Ectopically 
expressed vtRNA2-1 lowers the levels of TJ proteins claudin 
1, occludin, and AJ E-cadherin and causes intestinal epithe-
lial barrier dysfunction, whereas vtRNA2-1 silencing pro-
motes gut barrier function. Increased vtRNA2-1 also 
decreases these junctional proteins in intestinal organoids, 
inhibits epithelial renewal, and causes Paneth cell defects ex 
vivo. Elevating the levels of tissue vtRNA2-1 in the intestinal 
mucosa elevates the susceptibility of the epithelial barrier to 
septic stress secondary to CLP in mice. Mechanistically, 
vtRNA2-1 interacts with HuR to hinder HuR binding to the 
mRNAs encoding claudin-1 and occludin proteins, thus 
decreasing their translation [3]. This study suggests that 
vtRNA2-1 inhibits gut barrier function via suppressing 
HuR-facilitated translation of claudin-1 and occludin.

In addition, vtRNA1-1 is abundant in the intestinal epi-
thelium and also implicated in the control of proliferation 
and autophagy in several lines of cancer cells [100–102], but 
its exact role in preserving intestinal epithelium homeostasis 
and barrier function in stressful environments remains 
unknown. Vault RNAs are a relatively new field of study, 
and further details on their roles in the intestinal epithelium 
will surely emerge in the upcoming years.

Future directions and perspectives

We have outlined the numerous intricate ways by which 
ncRNAs exhibit posttranscriptional control of intestinal epi-
thelial regeneration and adaptation, particularly the states of 
critical stress secondary to surgical disease. This work is one 
of the first of its kind to synthesize our knowledge of 
ncRNAs in the context of surgical pathology. These path-
ways are prime targets for the development of new clinical 
applications to treat patients with critical surgical disorders. 
Most ncRNAs, such as circRNAs and vtRNAs, demand fur-
ther exploration, given their apparent roles in intestinal 
pathophysiology. There is a paucity of experiments utilizing 
human intestinal tissue from different surgical illnesses, and 
filling this gap is critical to fully understand the consequence 
of altered ncRNA expression on human disease with the 
ultimate goal of devising novel therapeutic strategies. 
Furthermore, the downstream consequences of mutations on 
ncRNA functional motifs and their regulatory domains on 
their capacity to influence other ncRNAs and/or RBPs and 
ultimately epithelial homeostasis must also be comprehen-
sively investigated.

An appreciation of the exact mechanisms by which 
ncRNAs exert their influence on intestinal regeneration and 
adaptation is integral to understanding and developing novel 
therapies for the treatment for patients with various critical 
gut diseases [102–106]. A well-known example of this is the 
application of GLP-2 to promote intestinal rehabilitation in 
patients with short gut syndrome via downregulation of 
miR-125a/b [103]. This concept whereby ncRNAs are manip-
ulated for the therapeutic benefit of patients with critical 
surgical diseases can be also generalized to applications in 
many other diseases. Although the development of 
ncRNA-guided therapeutics still faces many challenges, 

particularly in their specificity, deliverability, and tolerability 
[104], there is not any doubt, with rapidly advancing knowl-
edge of ncRNA biology and interactions between ncRNAs 
and RBPs, ncRNAs are exciting targets to safeguard intesti-
nal epithelial integrity in individuals experiencing critical 
surgical disorders.
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