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Abstract

Background & Aims—Inflammation affects regeneration of the intestinal epithelia; long
noncoding RNAS (IncRNAs) regulate cell functions such as proliferation, differentiation, and
migration. We investigated the mechanisms by which the IncRNA A9, imprinted maternally
expressed transcript (H19) regulates regeneration of intestinal epithelium using cell cultures and
mouse models of inflammation.

Methods—We performed RNA-seq transcriptome analyses of intestinal tissues from mice with
lipopolysaccharide (LPS)-induced sepsis to identify IncRNAs associated with inflammation;
findings were confirmed by quantitative real-time polymerase chain reaction and in situ
hybridization analyses of intestinal tissues from mice with sepsis or dextran sulfate sodium (DSS)-
induced mucosal wound healing and patients with ulcerative colitis compared to healthy
individuals (controls). We screened cytokines for their ability to induce expression of H19in
HT-29 cells and intestinal epithelial cells (IECs), and confirmed findings in crypt epithelial
organoids derived from mouse small intestine. IECs were incubated with different signal
transduction inhibitors and effects on HZ9IncRNA levels were measured. We assessed intestinal
epithelial proliferation or regeneration in H19%5%2/* mice given LPS or DSS vs wild-type
littermates (control mice). H19was overexpressed in IECs using lentiviral vectors and cell
proliferation was measured. We performed RNA antisense purification, RNA
immunoprecipitation, and luciferase reporter assays to study functions of H79in IECs.

Results—In RNA-sequencing transcriptome analysis of INCRNA expression in intestinal tissues
from mice, we found that levels of HZ9IncRNA changed significantly with LPS exposure. Levels
of H19IncRNA increased in intestinal tissues of patients with ulcerative colitis, mice with LPS-
induced and polymicrobial sepsis, or mice with DSS-induced colitis, compared with controls.
Increased HZ9IncRNA localized to epithelial cells in the intestine, regardless of Lgr5messenger
RNA expression. Exposure of IECs to interleukin 22 (IL22) increased levels of HZ9IncRNA with
time and dose, which required STAT3 and protein kinase A activity. IL22 induced expression of
H19in mouse intestinal epithelial organoids within 6 hours. Exposure to IL22 increased growth of
intestinal epithelial organoids derived from control mice, but not H2925X2* mice. Overexpression
of H19in HT-29 cells increased their proliferation. Intestinal mucosa healed more slowly after
withdrawal of DSS from H19EX/* mice vs control mice. Crypt epithelial cells from H192Ex1/*
mice proliferated more slowly than those from control mice after exposure to LPS. HZ9IncRNA
bound to p53 and microRNAs that inhibit cell proliferation, including microRNA 34a and let-7;
H191IncRNA binding blocked their function, leading to increased expression of genes that
promote regeneration of the epithelium.

Conclusions—The level of INCRNA HZ9is increased in inflamed intestinal tissues from mice
and patients. The inflammatory cytokine 1L22 induces expression of H#Z9in IECs, which is
required for intestinal epithelial proliferation and mucosal healing. /79 IncRNA appears to inhibit
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p53 protein and microRNA 34a and let-7 to promote proliferation of IECs and epithelial
regeneration.
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INTRODUCTION

Long noncoding RNAs (IncRNASs) represent a large and diverse class of non-protein coding
transcripts longer than 200 nucleotides®. High-throughput sequencing analysis of the whole
mammalian genome and transcriptome revealed a vast number of IncCRNAs, and growing
evidence shows that several IncRNAs have biological roles in regulating gene expression,
controlling protein function, and organizing multiprotein complex assembly?. IncRNAs act
as intracellular signals, decoys, guides, and scaffolds via DNA, RNA, and protein
interactions. Several INcCRNAs have also been proposed to participate in cell signaling,
thereby impacting cellular functions and homeostasis /77 vivo?3. Mounting studies support a
role of INcRNAs in the pathogenesis of diseases?.

The intestinal epithelium is a single layer of columnar cells lining the luminal surface of the
intestinal mucosa that is regenerated throughout adult life. It provides a critical barrier to
harmful intraluminal entities, including foreign antigens and micro-organisms and their
toxins. In the normal physiological state, renewal of the intestinal epithelium is governed by
canonical Wnt signaling®. Intestinal epithelial injury often results from inflammatory bowel
disease, which causes exacerbated inflammation in the intestinal mucosa. It also can occur in
several critical conditions, such as sepsis, severe burn injury, and gastrointestinal radiation
injury, during which bacteria or bacterial products are permitted to translocate across the
intestinal epithelial barrier and into the bloodstream. Epithelial regeneration is a critical step
for wound healing of the intestinal mucosa and plays an important role in sustaining
intestinal epithelial integrity in response to inflammation and in critically ill patients.
Previous studies suggest that interleukin (IL) 6 and IL22 promote intestinal epithelial
regeneration in pathological conditions through distinctive receptor-mediated signal
pathways®~’, suggesting a role for inflammatory cytokine-associated signaling. In addition
to inflammatory cytokine-associated signaling pathways, studies have shown that intestinal
epithelial cells (IECs) express a number of negative regulators to control regeneration of
intestinal epithelium, for example, p53 protein®. Recently, microRNAs (miRNASs), such as
the let-7 family members have been identified as negative regulators of IEC proliferation®. It
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remains unknown whether and how IncRNAS participate in regulation of intestinal epithelial
regeneration and homeostasis.

In this report, we provided evidence that AZ9, an evolutionarily conserved and maternally
expressed imprinted IncRNA20, is induced by inflammation in IECs. We defined the effects
of inflammatory mediators on expression of HZ9IncRNA in IECs, investigated the role of
H19in intestinal epithelial wound healing, and elucidated the underlying molecular
mechanisms by which HZ9IncRNA promotes re-establishment and sustains homeostasis of
intestinal epithelium. Our study revealed that HZ9IncRNA is an inflammatory IncRNA
induced by IL22 that antagonizes negative regulators of intestinal epithelial proliferation and
thus plays an important role in sustaining intestinal epithelial regeneration under
inflammatory conditions.

MATERIAL AND METHODS

RESULTS

Detailed protocols are provided in the Supplementary Materials and Methods.

Inflammation results in the induction of intestinal H19 long noncoding RNA that is
localized to Lgr5* and Lgr5~ epithelial cells in the intestinal mucosa

Although IncRNAs are thought to be a vast family of functional molecules associated with
diverse biological processes in cells, their roles in sustaining tissue homeostasis /n vivo
remain largely unknown. To fill this knowledge gap, we profiled gene expression in the
small intestine of mice with lipopolysaccharide (LPS)-induced sepsis using RNA sequencing
(RNA-seq) transcriptome analysis. LPS challenge for 24 hours resulted in alterations in the
expression of a large number of protein-coding genes associated with various biological
processes (Figure 1A and Supplementary Figure 1.4). However, from among 10,481 mouse
IncRNAs (GENECODE, M11), only the levels of HZ9gene transcripts showed significant
change in the small intestine in response to LPS-induced sepsis (Figure 1A). Our further
analysis revealed that AH19gene is normally transcriptionally silent in adult mouse small
intestine, but is strongly activated by LPS treatment compared to other frequently studied
IncRNAs (Figure 1B8). Using quantitative real-time RT-PCR, we found that de novo
expression of intestinal 419 occurred within 3 hours, peaked at 18 hours, and was gradually
silenced by 48 hours after LPS treatment in mice (Figure 1C). We also observed that LPS
challenge activated intestinal HZ9expression in both male and female mice (Supplementary
Figure 1B) and the effect was both dose-dependent and tissue-specific (Supplementary
Figure 1Cand D). Remarkably, /n situhybridization analysis revealed that LPS-evoked
sepsis led to dramatically increased HZ9expression in villus and crypt epithelial cells of the
mouse small intestine (Figure 10). The intestinal crypt epithelium contains Lgr5* crypt
base-columnar stem cells and Lgr5™ transit-amplifying (TA) progenitor cells. Using a dual-
color fluorescent /n situ hybridization assay, we further found that LPS-induced H19
IncRNA is localized to Lgr5* crypt base-columnar stem cells near the crypt bottom and
Lgr5~ epithelial cells within the TA zone in crypts (Figure 1E).
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Intestinal HZ9expression was also triggered by TNF treatment and polymicrobial sepsis
induced by cecal ligation and puncture in mice (Supplementary Figure 1£and F).
Furthermore, using a dextran sulfate sodium (DSS)-induced colitis and recovery mouse
model (Supplementary Figure 2), we observed highly H19expression in the colon during
acute colitis and recovery phase in mice (Figure 1F). We also found that #Z9levels in the
colonic mucosa were significantly higher in patients with ulcerative colitis compared to
healthy individuals (Figure 1G). Together, these data indicate that HZ9is unique among
IncRNASs in its rapid response to acute inflammation in IECs.

Interleukin 22 induces H19 expression in intestinal epithelial cells in vitro

Given the induction of HZ9IncRNA in IECs /in vivo under acute inflammatory conditions,
we searched for factors that might trigger /19 gene expression in HT-29 cells (a human IEC
line). To this end, 14 inflammation-associated molecules were screened for their ability to
induce H19gene expression in IECs /n vitro. Among these, only IL22 treatment induced
H19IncRNA in HT-29 cells (Figure 2A). We further focused on characterizing the effect of
IL22 on induction of H19expression in IECs.

Notably, we found that IL22 induced intestinal epithelial A#Z9expression in a time- and
dose-dependent fashion (Figure 2Band C), similar to that observed in the small intestine of
mice after LPS treatment (Figure 1Cand Supplementary Figure 1C). Treatment of mouse
intestine explant with IL22 also resulted in increased H19expression (Supplementary Figure
3), suggesting that H19expression in murine 1ECs is activated by 1L22. To further test this
notion, we isolated crypt epithelial organoids from the mouse small intestine and assessed
H19expression in the organoids after cultured them with or without I1L22 treatment. We
found that growth of mouse crypt epithelial organoids under the naive condition (Figure 2D)
was not associated with alterations in HZ9IncRNA expression (Figure 2E), whereas
stimulation with 1L22 for 6 hours increased HZ9IncRNA levels significantly in the cells
(Figure 2F). Together, the data suggest that the inflammatory cytokine IL22 activates H19
gene expression in IECs.

H19 expression is activated by IL22 in intestinal epithelial cells through Protein Kinase A
and STAT3-associated signal mechanisms

We next sought to delineate the intracellular signal pathways linking IL22 to HZ9expression
in IECs. Previously, Voutilainen et a/. reported that a Protein Kinase A (PKA) activator,
namely, forskolin, induces HZ9expression /n vitro'l. Consistent with this, we found a late
effect of forskolin treatment on HZ9expression in HT-29 cells (Figure 34 and B); however,
we did not observe up-regulation of H19by G-protein-coupled receptor agonists that are
known to activate PKA (Figure 3A). This suggests that activation of PKA independent of G-
protein-coupled receptors may be involved in the induction of HZ9expression in IECs.

To determine whether and how PKA mediates IL22-induced HZ9expression in IECs, we
executed the following set of experiments. First, we observed that 1L22 significantly
activates PKA in HT-29 cells (Figure 3C). Next, we found that H89 (a potent PKA inhibitor
targeting the catalytic subunits) suppressed 1L22-induced ~H19expression in a dose-
dependent manner (Figure 3D). Similarly, pretreatment with PKI (14-22), a synthetic
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peptide with highly specific inhibitory activity against the PKA catalytic subunit, but not
pretreatment with Rp-cAMPS (a PKA inhibitor that blocks adenosine 3”,5"-cyclic
monophosphate [cCAMP]-binding sites), attenuated the effect of IL22 on HZ9expression in
HT-29 cells (Supplementary Figure 4). Together, these data strongly suggested that 1L22
induces H19expression in IECs through activation of PKA independent of cAMP.

Emerging evidence shows that STAT3-mediated signaling is a common pathway utilized by
IL22 in IECs®7. We further investigated a possible synergistic effect of STAT3 signaling and
PKA on IL22-induced H19expression. Treatment of IECs with S31-201 (STAT3 inhibitor)
and H89 blocked the effect of IL22 on HZ9expression in an additive manner (Figure 3£),
suggesting that I1L22 induces HZ9expression in IECs via both STAT3 signaling and PKA
activation.

H19 plays an important role in sustaining the renewal of epithelial cells during
inflammation and enhancing regeneration of the intestinal epithelium in colitis

IL22 is known to play an important role in promoting intestinal homeostatic events, such as
epithelial stem cell proliferation and healing of intestinal inflammatory injury8.7:12. Because
our data indicate that /79 gene is a downstream target of 1L22 signaling, we hypothesized
that de novo synthesized H79IncRNA is involved in the maintenance of intestinal
epithelium homeostasis under inflammatory conditions. Acute inflammation-induced
alteration of intestinal epithelial homeostasis is characterized by impaired permeability of
the intestinal epithelium, potentiated cytostatic state in crypt epithelial cells, and delayed
epithelial cell turnover. However, we did not observe a notable correlation between an
increase in H19IncRNA and alteration of intestinal permeability in LPS-treated wild-type
C57BL/6 mice (Supplementary Figure 5), indicating that inflammation-induced de novo
synthesized H19IncRNA does not affect the permeability of intestinal epithelium /n vivo.

To further test our hypothesis, we examined whether de novo synthesized H19IncRNA
regulates crypt epithelial cell proliferation and enterocyte migration along the crypt-villus
axis in the small intestine using HZ92X* mice (mutants with maternal deletion of exon 1
in H19gene). Comparing H192EX1/* mice with their wild-type littermate controls, we found
that HZ9IncRNA is not essential for gut development and maintenance of intestinal mucosa
under normal physiological conditions (Supplementary Figure 6.4). In addition, we verified
that induction of intestinal 429 expression by LPS was abolished in HZ9EXX* mice
(Supplementary Figure 68). Using bromodeoxyuridine (BrdU) pulse-chase assay, we
revealed that features of intestinal epithelial regeneration and homeostasis, including crypt
epithelial cell proliferation and enterocyte migration along the crypt-villus axis, were
significantly impaired in both HZ92EX2/* IncRNA mice and their wild-type littermate after
LPS challenge (Figure 4A and B), suggesting that acute inflammatory insults induce
cytostasis or growth arrest in crypt epithelial cells of these mice. However, we noticed a
more profound cytostatic and epithelial cell growth arrest response in LPS-treated H192Ex1/*
mice than that in their wild-type littermate controls (Figure 44 and B). To determine
whether H19 levels impact IEC growth, we established HT-29/Z%E cells that overexpress
H19via lentiviral vector-mediated gene transfer technology. HT-29/29E cells grew
significantly faster than HT-29EV cells transduced with recombinant lentivirus engineered
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with control vector DNA (Figure 4C). This suggests that ectopic expression of H19
increased epithelial cell proliferation. Together, these results indicate that /79 IncRNA
synthesized de novo plays a role in abrogating the inflammation-induced cytostatic response,
and sustaining intestinal epithelial regeneration.

We further studied the role of HZ9IncRNA in the intestinal mucosal inflammatory injury
and wound-healing response using HZ95X2/* mice and their wild-type littermate controls
with DSS-induced colitis. To this end, a DSS-water treatment scheme outlined using Figure
4D was followed. Monitoring body weight, survival, colon length, and histology revealed
that H19 deficiency does not have a notable influence on the development of DSS-induced
colitis in male or female mice (Figure 4 /~H and Supplementary Figure 6 Cand D). By
contrast, during the recovery phase of colitis, H7925%2* mice of both sexes exhibited
increased weight loss, a decline in survival, significant reduction in colon length, and a delay
in restoration of colon epithelial integrity and resolution of colitis when compared to their
wild-type littermate controls (Figure 4 £~H and Supplementary Figure 6 C-G). In addition,
the BrdU labeling assays revealed that HZ92EX/* mice display poor epithelial regeneration
in the colonic mucosa during the recovery phase of DSS-colitis compared to their wild-type
littermate controls (Figure 4/). Taken together, these results demonstrate that inflammation-
induced H19IncRNA is a critical molecule for intestinal epithelial wound healing and repair.

H19 IncRNA mediates the effect of Interleukin 22 on enhancing the growth of intestinal
epithelial organoids

Recently, Lindemans et a/. reported that IL22 potently activates intestinal epithelial organoid
growth!2, Because our data indicated that 1L22 induces HZ9expression in IECs and H19
IncRNA synthesized de novo plays a critical role in wound healing of gut epithelium, we
hypothesized that /19 IncRNA mediates the stimulatory effect of IL22 on intestinal
epithelial growth. We compared the 1L22 growth response of intestinal epithelial organoids
from H19EX1* mice to their wild-type littermate controls. 1L22 treatment significantly
increased the size of intestinal epithelial organoids from wild-type littermate controls, and
this was absent in the organoids from HZ926X2/* mice (Figure 54 and B), suggesting that
H19IncRNA synthesized de novo relays the 1L22 signal to promote IEC growth.

Inflammation-induced H19 IncRNA binds to cytostatic regulators and antagonizes their
activities in intestinal epithelial cells in vivo and in vitro

The biochemical functions of the A#Z9IncRNA remain enigmatic, but a recent study suggests
that it binds to the microRNA let-7 to reduce its bioavailability3. Similarly, it has been
proposed that INcRNAs interact with transcription factors to modulate their function?. This
led us to hypothesize that /79 IncRNA interacts with negative regulators of IEC growth to
abrogate their effect. We first used a bioinformatics approach to analyze the potential
interactions between H19IncRNA and known cell growth regulatory miRNAs. Remarkably,
a group of cell growth inhibitory miRNAs (GI-miRNAs) was revealed to be the predominant
cluster among cell growth-associated A#79-binding miRNAs (Figure 6.4 and Supplementary
Table 1). Using an RNA antisense purification assay-based approach, we further confirmed
that 2 of predicted HZ9-binding GI-miRNAs, Mir34a and let-7, were indeed bound by
intestinal H79IncRNA (Figure 6 8). The qRT-PCR demonstrated that although LPS
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treatment profoundly induced HZ9expression (Figure 1C), it only slightly affected the
expression of Mir34a and let-7 (Supplementary Figure 7) in the mouse intestine. Pearson
correlation coefficient analysis revealed a strong correlation between HZ9IncRNA levels
and the quantity of A/Z9-bound Mir34a and let-7 (Supplementary Table 2). Collectively, the
data suggest that inflammation-induced HZ9exhibits potential to function as a competitive
inhibitor for GI-miRNAs /in vivo.

Similarly, RNA immunoprecipitation assay of HZ4-p53 interaction with an antibody against
p53 (a transcription factor that mediates growth inhibition in IECs) revealed that p53-
binding complexes in IL22-treated HT-29 cell extracts contains significantly high level of
H19, IncRNA while the amount of HZ9IncRNA in the immune complexes recovered from
vehicle-treated samples is negligible (Figure 6 C). Notably, immunoblot analysis revealed
that IL22 treatment did not affect p53 expression in these cells (Supplementary Figure 8). In
addition, ectopic expression of H79IncRNA increased recovery of the bound to p53 protein
in HT-29 cells (Figure 6 D), suggesting that p53 protein is enriched with IL22-induced H19
IncRNA. Using a luciferase reporter assay, we found that AZ9IncRNA significantly
attenuated p53 activity in IECs (Figure 6 £), demonstrating that /79IncRNA is an inhibitor
of p53 function. Together, the data suggest that induction of H#Z9IncRNA during
inflammation causes a decrease in p53 activity in IECs.

Additionally, we found that treatment of HT-29 cells with IL22 induced the expression of a
group of positive regulators of epithelial cell proliferation, including MYCN and FOXM1
(Figure 6F), which are target genes repressed by the HZ9-binding GI-miRNAs and p53,
respectively4-16, Ectopic expression of A419in the cells (Figure 6G) also induced MYCN
and FOXM1 expression. /n vivo, we found that wild-type littermates, but not H.192Ex1/*
mice exhibited an increase in Mycn (Figure 6 4) and Foxm1 (Figure 6/) expression in the
colonic mucosa during the recovery phase of DSS-induced colitis. Collectively, these results
suggest that under inflammatory conditions, de novo synthesized AH19binds and attenuates
the activity of the cytostatic regulators including GI-miRNAs and p53 protein, which in turn
promote expression of growth-promoting genes Mycn and Foxm1 in IECs, thus contributing
to regeneration of the intestinal mucosa.

DISCUSSION

H191IncRNA is an imprinted and maternally expressed transcript that is found in various
tissues during embryogenesis but is silenced after birthl’. Its expression can be reactivated
in numerous disease conditions such as tumors and rheumatoid arthritis'819, 479 deficient
mice appear healthy, develop normally, and are fertile20, suggesting that /79 IncRNA is not
essential for embryonic development and viability. However, little is known about the role of
H19IncRNA in inflammation and disease, particularly in the gut. In the present study, we
found that HZ9IncRNA is an early-response molecule to inflammation in IECs and its de
novo expression is strongly activated by 1L22 through STAT3 and a cCAMP-independent
PKA-mediated mechanism. Remarkably, we found that de novo synthesized H19IncRNA is
critical to antagonize the acute inflammation-induced cytostatic response in intestinal crypt
epithelial cells and to promote regeneration of injured intestinal epithelium in the DSS-
induced mouse colitis and recovery model. Mechanistically, /79 IncRNA exhibits a strong
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preference for binding and inhibiting p53 and multiple cell growth-inhibitory miRNAs, such
as Mir34a and let-7, thereby increasing the expression of a subset of cell growth-promoting
genes in the regenerative epithelium. Together, our findings support a model that de novo
synthesized H19IncRNA is an important intermediate signaling molecule linking 1L22
signals to other regulatory networks that control repair of the intestinal epithelium under
inflammatory conditions (Figure 6J).

While IncRNAs are present in various mammalian cells and tissues, understanding their
roles in biological process and disease pathogenesis has been challenging. However, recent
advances in the unbiased and systematic study of gene expression with RNA-seq technology
have markedly increased our knowledge about the links between IncRNA expression and
disease pathogenesis. For example, gene expression profiling with RNA-seq has revealed
that numerous IncRNAs are expressed in either a tissue- or cell-specific manner?. It is
becoming increasingly apparent that specific patterns of IncRNA expression coordinate cell
state, differentiation, development, and disease. The INcRNA genes have been shown to be
expressed in the gut tissue?!. By performing RNA-seq combined with gRT-PCR analysis, we
found that from among 10,481 mouse IncRNA transcripts in the mouse intestinal tissue, only
H19expression is increased by LPS-induced systemic inflammation. Intestinal /279 IncRNA
levels were also dramatically up-regulated in the acute phase and the recovery phase of DSS-
induced colitis in mice, and in inflamed colonic tissue from patients with inflammatory
bowel disease. With /n situ hybridization, we found that inflammation-induced H#Z9IncRNA
is localized to IECs in the intestinal mucosa. Together, these observations strongly suggest
that H291IncRNA is an inflammatory molecule associated with wound healing in the gut.

Previous investigations described diverse cellular functions of H#79IncRNA. For example,
H191IncRNA is known to play a role in the regulation of the H29/1gf2 imprinted gene
network?2. Other studies have shown that /29 IncRNA is involved in tumorigenesis, though
its role is controversial?324, H19IncRNA has been reported to regulate myogenic
differentiation, although its pro- or anti-myogenic function is still debated?>26. Moreover,
H19IncRNA has been shown to be important in maintaining the capacity for hematopoietic
stem cell repopulation?’. Recent studies found that ectopic expression of HZ9results in an
increase in colonic epithelial cell monolayer permeability /in vitro?8, suggesting a link
between H19and IEC function. Therefore, it appears that /279 IncRNA functions in a
context- and cell-type-dependent manner. To date, no prospective studies have evaluated the
in vivorole of H191IncRNA in the gut. In the present study, we found that HZ92EX/* mice,
which lack HZ9expression, do not show apparent intestinal defects, suggesting /79 IncRNA
is not essential for intestinal development and homeostasis in normal physiological states. In
contrast, under the inflammatory conditions, H2945¥/* mice display impaired intestinal
epithelial cell migration along the crypt-villus axis and arrested proliferation of crypt
epithelial cells compared with their wild-type littermate controls. H1925X* mice showed
delayed recovery and restoration of epithelial integrity after DSS-induced acute colonic
injury, suggesting a functional role of inflammation-induced AH19IncRNA in regeneration
and repair of the intestinal epithelium. Collectively, our experiments reveal for the first time
that de novo expression of HZ9plays an important role in intestinal epithelial wound healing
in vivo.
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In addition to determining the impact of HZ9expression on intestinal epithelial regeneration,
we also examined whether an increase in H/Z9IncRNA affects the intestinal epithelial barrier
function /n vivo. In LPS-treated mice, however, we found that induction of HZ9IncRNA is
not associated with alterations in intestinal epithelial permeability, suggesting that increase
in H19IncRNA levels may not significantly influence intestinal barrier function /n vivo.
Interestingly, Zou et al. recently noted that overexpression of HZ9results in repressing
expression of several tight-junction-associated molecules and disrupting intestinal epithelial
barrier function /n vitro?®. This discrepancy may be due to differences in the Jin vitroand in
vivo systems used in the 2 studies. It is possible that a lack of association between H19
expression level and intestinal barrier permeability in LPS-treated mice might not be
recapitulated in other models. Further investigation is needed to fully understand the /n vivo
role of HZ9IncRNA in regulation of intestinal barrier function in other animal models.

One major finding of the present study is that HZ9expression in IECs is strongly activated
by IL22, a type 3 innate lymphoid cell signature inflammatory cytokine. Previous studies
have shown that IL22 promotes intestinal-stem-cell-mediated epithelial regeneration and
wound healing through the IL22R/STAT3 signaling axis!2. Interestingly, our results show
that 1L22 induces HZ9expression in IECs not only through STAT3 but also via PKA.
Importantly, we demonstrated that overexpression of AHZ9increases in IEC proliferation,
whereas lack of HZ9expression impairs intestinal epithelial regeneration. Furthermore, we
demonstrated that HZ9expression is required for IL22-induced proliferation and growth of
intestinal epithelial organoids. Collectively, our studies suggest that #/Z9IncRNA is an
essential downstream molecule of IL22-activated wound healing signaling pathways in
IECs.

Although our data showed that, from among 14 inflammatory and mucosal healing-
associated molecules, IL22 uniquely induced HZ9expression, evidence suggests that
additional H79expression inducers exist. For instance, forskolin was reported to trigger H19
expression in fetal adrenal cells!, Recently, bile acid was shown to have a potent effect on
induction of HZ9expression in bile duct epithelial cells?°. In a pilot study, we found that
B27 and N2 (commercial serum-free cell growth supplements containing several different
ingredients that support survival of neurons and various organoids /7 vitro®9-31) induced H19
expression in IECs (Supplementary Figure 9). Taken together, it is likely that /79 may be
up-regulated by factors in multiple injury-related settings, independent of 1L22 in the gut.

Exactly how HZ9IncRNA promotes intestinal epithelial regeneration is unknown. However,
it has been proposed that InNcRNAs regulate cell functions through competitive binding of
miRNAs!. Furthermore, emerging evidence suggests that INcRNAs can influence
transcription factor function through competitive binding and post-translational
modifications, which in turn regulate cellular events®2. In line with this idea, using /n silico
analysis, we found that miRNAs with cell growth inhibitory function (i.e. GI-miRNAs) were
the predominant cluster of growth-related miRNAs binding to /79 IncRNA. With an H19
IncRNA antisense purification assay, we confirmed that 2 GI-miRNAs, Mir34a and let-7,
were markedly bound by H29IncRNA in vivo. Subsequently, in IECs /n vivoand in vitro,
we found an association between HZ9levels and altered expression of a cell proliferation
enhancer, Mycn, which is a known downstream target of Mir34a and let-7. We further
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showed that HZ9IncRNA directly interacts with p53 and regulates its activity, and that /19
IncRNA levels are associated with changes in the expression of Foxm1, a p53 target gene.
Taken together, we speculate that #79IncRNA promotes intestinal epithelial regeneration
through at least 2 mechanisms. First, it competitively binds GI-miRNAs to activate
expression of positive regulators of cell growth. Second, it modulates activity of cell growth-
associated transcription factors. Future studies are needed to confirm these hypotheses and
determine the underlying mechanisms.

Regeneration of the intestinal epithelium is driven by the proliferative potential of intestinal
stem cells and TA cells in intestinal crypts. Previously, we and other investigators found that
sepsis induces cytostasis or growth arrest in intestinal crypt epithelial cells33, suggesting that
severe acute inflammation decreases the proliferation of stem cells and TA cells in intestines.
We confirmed this finding in the present study (Figure 4A). Despite this observation,
however, there is currently a lack of understanding of how severe inflammation impairs the
proliferation of stem cells and TA cells in the intestine. Interestingly, our current study
revealed that Lgr5~ TA progenitor cells and Lgr5* stem cells in intestinal crypts express H19
during inflammation, and the inhibitory effect of severe inflammation on the proliferation of
crypt epithelial cells is potentiated in H79%6¥2*mice compared to their wild-type littermate
controls. It is apparent that inflammation-induced AZ9IncRNA rescues the proliferative
potential of stem cells and TA cells in the intestine. Given the fact that /Z9IncRNA is an
antagonist of p53 protein and GI-miRNAs that inhibit intestinal epithelial proliferation, we
anticipate that severe inflammation induces growth arrest of IECs through activation of a set
of intrinsic negative regulators of cell proliferation in intestinal stem and TA cells, such as
p53 protein and GI-miRNA network. Although future studies should focus on testing this
hypothesis, our current work suggests that inflammation-induced AHZ9IncRNA plays an
important role in antagonizing inflammation-activated negative regulators of cell
proliferation, which in turn sustains homeostasis of the intestinal epithelium during
inflammation.

We also noticed that #79IncRNA is reported to give rise to microRNA 675 (MIR675) that
promotes cell growth and differentiation26. Indeed, we found that HT-29 cells with 419
overexpression showed the high levels of MIR675 (Supplementary Figure 104 and B),
suggesting an association between A9 overexpression and MIR675 biogenesis /n vitro. On
the other hand, we revealed that neither IECs treated with 1L22 /n vitro nor intestine of wild-
type mice with either LPS-induced sepsis or DSS-induced colitis displayed an increase in
Mir675 levels (Supplementary Figure 10C, D, and £). In addition, treatment of intestine
explants with 1L22 showed no effect on Mir675 expression, though induction of H19
expression occurred (Supplementary Figures 3 and 10F). We failed to show a correlation
between H19IncRNA levels and Mir675 expression using /7 vivo and ex vivo models
(Supplementary Figure 10G, H, and /). Thus, there is no evidence of a link between de novo
synthesized H19IncRNA and MIR675 in IECs under inflammatory conditions.

Finally, our data indicate that persistent de novo expression of HZ9occurs in the colonic
mucosa of patients with ulcerative colitis. We showed that inflammation-induced ~19
IncRNA sustains the potential for IEC proliferation /n vivo. Given the overwhelming
observations that inflammation and 1L.22 contribute to colorectal carcinogenesis3#:3, it will
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be of interest to examine whether /79 IncRNA impacts development of colitis-associated
colorectal cancer through integration of inflammatory signals with cell proliferation
networks.

In conclusion, we discovered a novel pathway in IECs in which the INCRNA H19 pathway
links 1L22 to cell growth regulation to maintain intestinal epithelial homeostasis under
inflammatory conditions. We demonstrated that this pathway plays an important role in
repressing the activity of p53 and GI-miRNAs as well as promoting epithelial regeneration.
Under inflammatory conditions, de novo synthesized H29IncRNA links IL22-activated
STAT3 and a cAMP-independent PKA with expression of cell proliferation-associated genes
(such as MYCN and FOXM1), via antagonism of p53 protein and GI-miRNAs, which
subsequently induces proliferation and promotes repair of intestinal epithelium. Therefore,
inflammation-induced AHZ9IncRNA relays the IL22 signal to promote an anti-cytostatic
response and epithelial regeneration. Our work expands knowledge of HZ9IncRNA function
in inflammation and the regulatory potential of /79 IncRNA under pathophysiological
conditions. This finding may reveal new therapeutic avenues to intervene in cases of
inflammation-associated gut mucosal pathology, such as delayed mucosal healing and
inflammatory bowel disease—associated colon cancers.
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Refer to Web version on PubMed Central for supplementary material.
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BrduU bromodeoxyuridine

CBC Crypt-base-columnar

DSS dextran sulfate sodium
GI-mRNA cell growth inhibitory-miRNA
IL22 interleukin-22

INcRNA long noncoding RNA

RAP RNA Antisense Purification
REC regenerated epithelial cluster
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Figure 1. H19 is an early-response gene in inflammation of the intestinal epithelium
(A) Bland-Altman plot showing comparative intestinal gene expression in LPS (2 mg/kg,

intraperitoneally for 24 hours) and saline-treated mice. n=3 males for each group. (B)
University of California, Santa Cruz Browser images illustrating normalized mouse small
intestinal tissue RNA-Seq read densities across introns of indicated INCRNA genes at 24
hours after the indicated treatments. (C) quantitative real-time PCR (qRT-PCR) analysis of
H19expression in the small intestine of mice subjected to LPS treatment. (D) Representative
micrographs showing cellular localization of LPS-induced HZ9transcripts (blue) in the
mouse small intestine by /n situ hybridization using antisense RNA probes to /79 IncRNA.
Slides were counterstained with Nuclear Fast Red (red). (E) Merged confocal fluorescent
microscopy image for the localization of HZ9transcripts and Lgr5 messenger RNA in the
small intestinal crypts. Mouse small intestine was stained using RNAscope® Multiplex
Fluorescent Assay with probes for HZ9transcripts (orange) and Lgr5 mRNA (green)
followed by counterstaining with 4" 6-diamidino-2-phenylindole (blue). (F, G) gRT-PCR
analysis of HZ9expression in colons of mice subjected to DSS-induced colitis (F) or colon
biopsies from healthy subjects and patients with ulcerative colitis (UC) (G). Bars = mean =
SEM. */< 0.05, **F< 0.01, NS = not significant.
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Figure 2. 1L22 is a potent inducer of H19 gene expression in mouse and human intestinal
epithelial cells
(A) gRT-PCR analysis showing that IL22 is a distinctive cytokine-inducing HZ9expression

in HT-29 cells. Six hours treatment with indicated molecules. (B, C) gRT-PCR analysis
showing that IL22 induces HZ9expression in HT-29 cells in a time- (B) and dose- (C)
dependent manner. (D, E) Typical brightfield images (D) and gRT-PCR-measured H19
expression profile (E) of mouse primary small intestinal crypt epithelial organoids cultured
in Matrigel droplets for the indicated times. (F) 1L22 induced ~19expression in mouse
primary IECs. Mouse small intestinal epithelial organoids formed in 7-day Matrigel culture
were treated with or without 1L22 (50 ng/mL) for 6 hours followed by measurement of H19
expression using qRT-PCR. =4 in panels A-C, n=9 in panels £and F. Bars, mean £ SEM.
*£< 0.05, **F< 0.01, NS = not significant.
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Figure 3. PKA and STAT3 mediate the effect of 1L22 on H19 expression in intestinal epithelial
cells

(A) Screening the effect of PKA activators on H19expression in IECs using qRT-PCR. (B)
Additional results of qRT-PCR assay show a PKA-dependent effect of forskolin on induction
of H19expression in IECs at 24-hour treatment. DDFK, dideoxyforskolin. (C) IL22 induced
PKA activation in IECs. HT-29 cells were subjected to the indicated treatments followed by
processing for analysis of PKA activity. (D) The PKA inhibitor H89 dose-dependently
blocked the 1L22 effect on HZ9expression in HT-29 cells. Cells were pretreated with H89 at
the indicated concentrations for 30 minutes before treatment with 1L22 (50 ng/mL) for 1.5
hours followed by measurement of H79expression by qRT-PCR assay. (E) qRT-PCR
analysis showing an additive effect of inhibitors for STAT3 and PKA on IL22-induced H19
expression. Cells were pretreated with the indicated inhibitors (1 umol/L for H89 and 100
pumol/L for S31-201) for 30 minutes before treatment with 1L22 (50 ng/mL) for 1.5 hours.
S3l, S31-201. =4 each. Bars, mean + SEM. */< 0.05, **/< 0.01, NS = not significant.

Gastroenterology. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Geng et al. Page 18

-18 0 1 (h; 8 0 36 (h)
A Littermate H19AEX1/+ ﬁq—y_| 0 B Littermate H19AEX1/+ ®
BrdU Sac. LPS BrdU Sac.

ip.

BrdU/DAPI
BrdU/DAPI

-1)
1)
)

BrdU/DAPI
Saline (n:

BrdU/DAPI
~

Saline (n:
Saline (n:

Littermate  H19AEx1/+ Littermate H19AEX1/+

0.40 NS
& = .« o 92, 72,0 1(h)
p £0357 %
3 B Egs0l vl T3 2% Water BrdU Sac.
5 3T * 3 DS! i.p.
5 3 ¢ 9 P
£ EZo025 =
5] >3 > 3 . Littermate

0 1 2 3 4
Days

BrdU/DAPI

| Colitis phase 4 Recovery phase -
| 2% DSS | Regular water |
S s S e e e e
01 2 3 4 5 6 7 8 910

m g
g

H19AEX1/+

5
=}

©
S
BrdU/DAPI

@
S

7 aLittermate (n=20)
¥ H19ABK (101}

2% DSS Regular water
2 4 6 8

0 10 © 0.20

% of initial body weight

~
=}

5dD + 3dR
5dD + 3dR

Q
[=}

Time after 2% DSS (d)

=

c
k]
- . S
S
1 . g
£ E035 E
2 804 p=0.014 x50 . « s .
H x x
3 604 HR=4.026 @ E 0.30 é o O %
2 Cl, 1.433-11.67 % |
404 Q=025 o s
g — Littermate (n=20) 3 g ® %:_ 2 é 0.1
& 209 L 1gaExTl (np) 5020 o* S
0.15 -
2%DSS | Regular water | RN
o 2 4 6 8 10 &5 &
Time of survival (d) N RS R

Figure 4. Critical role of H19 IncRNA in proliferation and regeneration of intestinal epithelium
(A, B) Bromodeoxyuridine (BrdU) pulse-chase analysis showing the effect of LPS treatment

on impairment of crypt epithelial cell proliferation (A) and enterocyte migration along the
crypt-villus axis (B) was potentiated in 429X/ mice. (C) in vitro proliferation assay
showing that HT-29/"790E cells (ectopic expression of H19) exhibit increased proliferation.
(D) Treatment scheme for a mouse DSS colitis recovery model. (E, F) Changes in body
weights (E) and survival (F) in mice with DSS-induced colitis and recovery. (G, H) Analysis
of colon length-to-body weight ratio (CL/BW) (G) and H & E staining of colon sections (H)
of mice subjected to DSS-induced colitis and recovery for the indicated time periods. dD,
days of DSS. dR, days of recovery. (1) Assessment of regenerated epithelial clusters (REC)
in the colonic mucosa of mice subjected to 3-day recovery from DSS-induced colitis using
BrdU (green) pulse-chase analysis. The schematic of the experimental protocol was
illustrated on the top of the panel. Bars, mean = SEM. */ < 0.05, **/< 0.01, NS = not
significant.
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Figure 5. H19 IncRNA is required for enhancing the growth of intestinal epithelial organoids by
IL22 in vitro

(A, B) Representative bright-field images (A) and surface area expansion rates (B) of small
intestinal epithelial organoids from HZ92EX2* mice and their wild-type littermate controls
after culture with or without 1L22 (10 ng/mL) in Matrigel droplets for the indicated times.
Photographs and measurements were taken at the indicated time points. 7=15-20 each. Bars,
mean £ SEM. **/< 0.01.
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Figure 6. H19 IncRNA binds cytostatic regulators to attenuate their activity and release
repression of their gene targets in intestinal epithelial cells

(A) in silico analysis of growth-associated A79-binding miRNAs. (B) RNA antisense
purification (RAP) of H19IncRNA from the small intestine of mice 18 hours after the
indicated treatments followed by gRT-PCR of HZ%bound Mir34a and let-7. 7=3 each. (C,
D) Immunoprecipitation of p53 from whole cell lysates of either HT-29 cells subjected to
24-hour of the indicated treatments (C) or indicated cell types (D) followed by gRT-PCR
analysis of HZ9transcripts. /=4 each. (E) Luciferase reporter assay showing lower levels of
p53 activity in HT-29/29F cells compared to HT-29EV cells. /=4 each. Bars, mean + SEM.
*P<0.05, **F< 0.01, NS = not significant. (F, G) Immunoblot analysis of MYCN and
FOXML1 expression in HT-29 cells after 24 hours of the indicated treatments (F) or in
indicated cells types (G). (H, I) Expression analysis by immunofluorescent staining of Mycn
(H) and Foxm1 (1) in mice after the indicated treatments. dD, days of DSS. dR, days of
recovery. (J) Model for the role of de novo synthesized H29IncRNA in linking 1L22
signaling to the regeneration of intestinal epithelium.
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