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SUMMARY

The intestinal barrier protects the subepithelial tissue
against pathogens and noxious substances in the lumen.
Here, we show that increased levels of long noncoding RNA

H19 disrupt the intestinal barrier by inhibiting autophagy
and repressing the function of Paneth and goblet cells,
whereas targeted deletion of the H19 gene promotes the
barrier function in response to septic stress.

BACKGROUND & AIMS: The protective intestinal mucosal bar-
rier consists of multiple elements including mucus and epithelial
layers and immune defense; nonetheless, barrier dysfunction is
common in various disorders. The imprinted and developmentally
regulated long noncoding RNA H19 is involved in many cell pro-
cesses and diseases. Here, we investigated the role of H19 in
regulating Paneth and goblet cells and autophagy, and its impact
on intestinal barrier dysfunction induced by septic stress.

METHODS: Studies were conducted in H19-deficient (H197") mice,
mucosal tissues from patients with sepsis, primary enterocytes, and
Caco-2 cells. Septic stress was induced by cecal ligation and puncture
(CLP), and gut permeability was detected by tracer fluorescein
isothiocyanate-dextran assays. The function of Paneth and goblet cells
was examined by immunostaining for lysozyme and mucin 2,
respectively, and autophagy was examined by microtubule-associated

proteins 1A/1B light chain 3 Il immunostaining and Western blot
analysis. Intestinal organoids were isolated from H19”" and con-
trol littermate mice and treated with lipopolysaccharide (LPS).

RESULTS: Intestinal mucosal tissues in mice 24 hours after expo-
sure to CLP and in patients with sepsis showed high H19 levels,
associated with intestinal barrier dysfunction. Targeted deletion of
the H19 gene in mice enhanced the function of Paneth and goblet
cells and promoted autophagy in the small intestinal mucosa.
Knockout of H19 protected Paneth and goblet cells against septic
stress, preserved autophagy activation, and promoted gut barrier
function after exposure to CLP. Compared with organoids from
control littermate mice, intestinal organoids isolated from H197"
mice had increased numbers of lysozyme- and mucin 2-positive
cells and showed increased tolerance to LPS. Conversely, ectopic
overexpression of H19 in cultured intestinal epithelial cells pre-
vented rapamycin-induced autophagy and abolished the rapamycin-
induced protection of the epithelial barrier against LPS.

CONCLUSIONS: In investigations of mice, human tissues, primary
organoids, and intestinal epithelial cells, we found that increased
H19 inhibited the function of Paneth and goblet cells and sup-
pressed autophagy, thus potentially contributing to barrier
dysfunction in intestinal pathologies. (Cell Mol Gastroenterol Hep-
atol 2020;9:611-625; https://doi.org/10.1016/jjcmgh.2019.12.002)

Keywords: Long Noncoding RNAs; Gut permeability; Mucosal
Defense; Paneth Cells; Goblet cells; Autophagy.
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he mammalian intestinal barrier is a specialized

domain responding to and interacting with different
luminal stimuli and the microbiome. The intestinal barrier
consists of multiple elements, including a mucus layer, an
epithelial layer, and a complex immune defense network
that depends on the functions of innate and acquired im-
munity cells in the lamina propria.”* Surface mucus, pre-
dominantly composed of mucin 2 in the small and large
intestine, is secreted by goblet cells and serves as the first
physical defense in the barrier that prevents toxins, anti-
gens, and bacteria from direct contact with the epithelium.’
Intestinal epithelial cells (IECs), connected by apical inter-
cellular junctional complexes named tight junctions (T]s)
and adherens junctions (AJs), establish a selectively
permeable barrier that protects the subepithelial tissue against
luminal noxious substances, but they also react to noxious
stimuli by secreting different antimicrobial peptides and pro-
teins.” Paneth cells that reside at the bottom of the crypts
produce high quantities of defensins and other antibiotic
proteins such as lysozyme, Reg3 lectins, and phospholipase A2
when exposed to pathogenic bacteria and bacterial products
such as lipopolysaccharide (LPS).° In response to bacterial
infection of the intestines, Paneth cells secrete lysozyme
through secretory autophagy’ and their function is tightly
regulated at the posttranscriptional level by the RNA binding
protein HuR.? Autophagy is a conserved intracellular pathway
that sequesters cytoplasmic structures and pathogens targeted
for degradation.”’” Intestinal barrier dysfunction occurs
commonly in various pathologies, leading to leaky gut and
structural abnormalities of the epithelium.”

Many regions of the mammalian genome are transcribed
into vast numbers of noncoding RNAs with active roles in
gene regulation.'’ Long noncoding RNAs (IncRNAs) are
defined as transcripts spanning more than 200 nucleotides
in length that share structural features with messenger
RNAs such as the presence of a 5-cap and a 3’-poly(A)
tail.'>** Although some IncRNAs are ubiquitous, IncRNAs
often are expressed in specific tissues, differentiation stages,
and cell types, and the levels of cellular IncRNAs can be
altered rapidly in response to stressful environments.*
LncRNAs modulate a variety of biological functions and are
involved in diverse human diseases by controlling gene
expression at different levels, including chromatin remodeling,
transcriptional and posttranscriptional processes, and protein
metabolism."*** LncRNAs can modulate gene transcription,
messenger RNA stability, or translation, and can work jointly
with microRNAs (miRNAs), RNA binding proteins, and occa-
sionally other molecules.">'® Recent evidence has indicated
that IncRNAs are an emerging class of master regulators of
intestinal epithelium homeostasis and participate in the con-
trol of gut permeability, mucosal growth, and adaptation.”*”*°

Transcribed from the conserved imprinted H19/igf2 gene
cluster, IncRNA H19 is implicated in different cellular pro-
cesses.”””! During embryogenesis, H19 expression levels in-
crease in extraembryonic tissues, in the embryo itself, and in
most fetal tissues, but its levels decrease after birth.?? During
fetal development, H19 promotes expression of imprinted
genes and inhibits embryonic placental growth.”’ In adult
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tissues, H19 increases in disease conditions such as can-
cer,”**° after exposure to hypoxia or estrogens,”®?” and in
situations of inflammation.”® Targeted deletion of H19 in mice
causes an overgrowth phenotype with increased body
weight.” The role of H19 in cancer development is complex
because it can be tumor-suppressive or pro-oncogenic,
depending on the cellular context of HI1I9 and tumor
types.”*?”*° The levels of H19 increase markedly in the
inflamed human and murine intestinal mucosa, predomi-
nantly resulting from an increase in the inflammatory cytokine
interleukin 22.”* We have reported that H19 overexpression
inhibits expression of the T] protein zonula occludens 1 (ZO-1)
and the A] protein E-cadherin at the post-transcriptional level
via release of microRNA (miR)-675 embedded in H19 exon 1,
and disrupts epithelial barrier function in an in vitro model
using cultured IECs."® Here, we investigated the in vivo func-
tion of H19 in the intestinal epithelium and show that
ablating H19 in mice protects the intestinal barrier against
septic stress by enhancing the function of Paneth and
goblet cells and by promoting autophagy.

Results
H19 Levels Increase During Gut Barrier
Dysfunction After Septic Stress

To determine the impact of HI9 on gut barrier
dysfunction in critical surgical conditions, we first examined
changes in the levels of H19 in the small intestine of wild-
type mice exposed to septic stress induced by cecal liga-
tion and puncture (CLP). Twenty-four hours after CLP,
mucosal H19 abundance increased dramatically in the small
intestine, reaching 20-fold higher levels than in sham mice
(Figure 1A4). CLP did not alter the levels of U6 RNA in the
intestinal mucosa but it decreased IncRNA uc.173 levels,
which served as negative and positive controls, respectively.
Sham surgery did not significantly affect mucosal H19 levels
in the small intestine compared with mice without any
surgery (data not shown). CLP stress also led to acute gut
barrier dysfunction, as indicated by an increased mucosal
permeability to fluorescein isothiocyanate (FITC) dextran
(Figure 1B). In addition, focal villous necrosis in the small
intestinal mucosa was observed 24 hours after CLP, but the
damage was repaired within the next 48 hours, as reported
previously.’’ Second, we examined changes in the levels of
H19 in the small intestinal mucosa from patients with
sepsis. Tissue samples from patients without increased gut
permeability, mucosal inflammation, or injury/erosions

Abbreviations used in this paper: AJ, adherens junction; CLP, cecal
ligation and puncture; FITC, fluorescein isothiocyanate; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; IEC, intestinal epithelial
cell; IncRNA, long noncoding RNA; LPS, lipopolysaccharide; miR,
microRNA (miR)-675; miRNA, microRNA; TEER, transepithelial elec-
trical resistance; TJ, tight junction; ZO-1, zonula occludens 1.
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Figure 1. Septic stress increases mucosal H19 levels and
disrupts epithelial barrier function. (4) Levels of H19 in the
small intestinal mucosa of mice exposed to CLP for 24 hours as
measured by reverse-transcription quantitative PCR analysis.
Values are the means + SEM (n = 5). *P < .05 compared with
sham-treated mice. (B) Gut permeability in mice described in
panel A. FITC dextran was given orally, and blood samples were
collected 4 hours thereafter for measurement. (C) Association of
increased H19 with reduction in the levels of intercellular junc-
tion proteins E-cadherin and ZO-1 in patients with sepsis. Top:
in situ hybridization of H79 with fluorescent Locked nucleic
acids-RNA detection probe in the small intestinal mucosa, as
shown in green; middle: immunostaining of E-cadherin (red);
and bottom: immunostaining of ZO-1 (green). Experiments were
repeated in samples obtained from 3 patients with sepsis or
controls and showed similar results. Scale bars: 50 um.

served as controls. As shown in Figure 1C (top), the basal
levels of H19 in normal small intestinal mucosa obtained
from control individuals were relatively low and almost
undetectable as measured by RNA fluorescence in situ hy-
bridization analysis. However, the intestinal mucosa from
patients with sepsis showed a significant increase in the
levels of H19, particularly in the villous area of the mucosa.
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The increase in mucosal H19 abundance in the intestine of
patients with sepsis was associated with the epithelial
barrier dysfunction, as indicated by a marked loss of the A]
protein E-cadherin (Figure 1C, middle) and the T] protein
Z0-1 (Figure 1C, bottom). These results suggest that
increased levels of mucosal H19 in the small intestine are
involved in the pathogenesis of gut barrier dysfunction in
patients with critical surgical illnesses.

H19 Deletion Enhances Paneth and Goblet Cell
Numbers in the Intestinal Epithelium

To define the in vivo function of H19 in the intestinal
epithelium, we used H19%%" (H197/") mice bearing a
maternal deletion of exon 1 in the H19 gene (obtained from
Dr Karl Pfeifer, National Institutes of Health).”"** Consistent
with previous observations,>’ targeted deletion of H19 did
not alter gut development or mucosal growth under physi-
ological conditions (data not shown). H197" mice looked
normal overall and did not show significant differences in
gastrointestinal gross morphology, mucosal histology, body
weight, or general appearances as compared with control
littermates. Interestingly, H19 knockout enhanced the
functions of Paneth cells (lysozyme-positive cells) and
goblet cells (determined by Alcian blue staining in vivo and
mucin 2 immunostaining ex vivo) in the small intestinal
mucosa. As reported,”® Paneth cells normally were located
at the base of the crypt in littermate mice, but the numbers
of these lysozyme-positive cells increased significantly in
H197" mice relative to control littermate mice (Figure 24
and B, top panel). The number of lysozyme-positive cells in
the intestinal epithelium from H19-deficient mice increased
by approximately 20% compared with those from control
littermate mice. In an ex vivo model, we also found
increased numbers of Paneth cells in intestinal organoids
isolated from H197" mice (Figure 24, bottom panel). Intes-
tinal organoids were grown from a single proliferating cell,
but by 5 days after culture, the structures of organoids
consisted of multiple cells and buds in the organoids from
both H19”/" mice and control littermate mice. H19 deletion
did not alter the growth of the intestinal organoids because
the sizes and numbers of buds of intestinal organoids iso-
lated from H19”/" mice were similar to those observed in
organoids generated from control littermate mice. However,
consistent with the observations in vivo, there were many
more lysozyme-positive cells in organoids from H197" mice
than in organoids from control littermate mice.

Moreover, H19 deletion in mice also promoted goblet cell
function in the small intestinal epithelium in vivo as well as
ex vivo (Figure 2C and D). There were significant increases
in the numbers of Alcian blue-positive cells in the small
intestinal mucosa of H19”" mice and mucin 2-positive cells
in the HI19-deficient intestinal organoids isolated from
H197" mice when compared with those in control littermate
mice. We observed that targeted deletion of H19 particularly
increased the number of goblet cells in the crypt region
rather than the villous area (Figure 2C, top right). On the
other hand, H19 knockout did not affect function of mouse
tuft cells in the small intestinal mucosa, as measured by
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Figure 2.Targeted dele-
tion of H719 in mice in-
creases the numbers of
Paneth and goblet cells
in the intestinal epithe-
lium. (A) Immunostaining
of Paneth cells (lysozyme-
positive cells). Top: Paneth
cells in the small intestinal
mucosa of H197 and
control littermate mice
(green); bottom: Paneth
cells in small intestinal
organoids isolated from
H197 and littermate mice
(red). Scale bars: 50 um.
(B) Quantitative data of
lysozyme-positive cells in
the small intestinal epithe-
lium described in panel A.
Values are the means +

Paneth cells/crypt

e
Littermates H

o

Goblet cells

SEM (n = 5). *P < .05
compared with control
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Double cortin-like kinase 1 (DCLK1) immunostaining anal-
ysis (data not shown). Together, these results indicate that
knockout of H19 enhances functions of Paneth and goblet
cells in the small intestinal epithelium.

H19 Overexpression Blocks Increased Paneth
and Goblet Cells in the H19-Deficient Intestinal
Organoids

To examine the effect of increasing the levels of H19 on
Paneth and goblet cell function, intestinal organoids isolated
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(blue); bottom: Goblet cells
in small intestinal organo-
ids isolated from H19”
and littermate mice (red).
Scale bars: 50 um. (D)
Quantitative data of mucin
2-positive cells in the
small intestinal epithelium
described in panel C.
Values are the means +
SEM (n = 5). *P < .05
compared with control
littermate mice. E-cad, E-
cadherin.
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from both control littermate and H19”/~ mice were trans-
fected with a plasmid vector expressing H19 under control
of the cytomegalovirus immediate early promoter/enhancer
(pCMV) promoter as reported previously.'® The levels of
H19 increased dramatically by transfection of the HI19
expression vector; 48 hours later, organoid HI9 levels
increased strongly and specifically (Figure 34), but IncRNA
uc.230 and U6 RNA did not (data not shown). In the intes-
tinal organoids generated from control littermate mice,
increasing H19 levels slightly decreased the numbers of
lysozyme- and mucin 2-positive cells, but this minor



2020

inhibition by H19 overexpression was not statistically sig-
nificant (Figure 3B and C, top panels; D, left). In the H19-
deficient organoids isolated from H197" mice, however,
ectopically expressed HI19 prevented the increase in the
numbers of Paneth and goblet cells, as evidenced by a sig-
nificant decrease in the numbers of lysozyme- and mucin
2-positive cells after transfection with the H19 expression
vector compared with the empty control vector (Figure 3B
and C, bottom panels; D, right). These data indicate that
transient H19 overexpression prevented the increase in the
numbers of Paneth and goblet cells in the H19-deficient
intestinal organoids, but did not alter the levels of Paneth
and goblet cells in intestinal organoids from control litter-
mate mice.

Preventing the Increase in H19 Levels Protects Paneth
and Goblet Cells From Septic Stress Consistent with obser-
vations in wild-type mice, the levels of mucosal H19 in the
small intestine of littermate mice increased by 24 hours
after CLP, accompanied by a significant increase in the
abundance of miR-675-3p and miR-675-5p (Figure 4A4). In
contrast, the levels of mucosal H19 and miR-675 were
almost undetectable in the intestinal mucosa of H19”/" mice
with or without CLP stress. As shown (Figure 4B and (),
exposure to CLP inhibited Paneth cell function in both
H197" and littermate mice, as indicated by decreases in the
number of lysozyme-positive cells and the number of lyso-
zyme granules per Paneth cell. However, H19 deletion
partially but significantly prevented the CLP-elicited loss of
Paneth cells because many more lysozyme-positive cells
were found in the mucosa of H197" mice compared with
littermates by 24 hours after exposure to CLP. In the ex vivo
model, treatment with LPS (20 ng/mL for 5 days) also
suppressed the formation of Paneth cells, as shown by a
dramatic decrease in the number of lysozyme-positive cells
in intestinal organoids from control littermate mice, but this
inhibition was alleviated in the organoids from H19”" mice
(Figure 4D and E). In fact, exposure of organoids from H197"
mice to the same dose of LPS for 5 days only marginally
decreased the number of Paneth cells.

Similarly, H19 knockout also protected goblet cells in the
intestinal epithelium responding to septic stress. Both expo-
sure of mice to CLP and treatment of intestinal organoids
with LPS decreased the number of goblet cells in the pres-
ence or absence of cellular H19 as measured by Alcian blue
staining in vivo (Figure 54 and B) and mucin 2 immuno-
staining ex vivo (Figure 5C and D). However, the reduction of
goblet cells by CLP or LPS was rescued by knockout of H19.
These results strongly suggest that preventing the induction
in H19 in response to septic stress preserves Paneth and
goblet cells in the intestinal epithelium.

H19 Knockout Increases Autophagy in the
Intestinal Epithelium

Because Paneth cells secrete lysozyme via secretory
autophagy in the intestinal epithelium’ and activation of
autophagy is involved in the regulation of goblet cell func-
tion and mucosal defense,*® we examined changes in auto-
phagy in H197" mice exposed to CLP. Basal levels of
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autophagy proteins LC3-II, lysozyme, and beclin in the small
intestinal mucosa were increased in HI9-ablated mice
compared with control littermate mice (Figure 64, left).
Autophagy was suppressed in the mucosa of littermate mice
by 24 hours after CLP, as indicated by decreased levels of
these autophagy proteins, but the CLP-inhibited autophagy
was abolished in H197" mice (Figure 64 and B, right).
Although H19 deletion did not alter the basal level of gut
permeability to FITC dextran, both H197/° and control
littermate mice showed gut barrier dysfunction by 24 hours
after CLP (Figure 6C). Notably, however, the levels of gut
permeability resulting from CLP in H19”/" mice were much
lower (~3.5-fold) than those in control littermate mice
(>6-fold), as compared with sham mice. As expected, the
levels of E-cadherin and Z0-1 proteins also decreased in the
small intestinal mucosa of littermate mice by 24 hours after
CLP, but this reduction was partially prevented by H19
knockout (Figure 6D). Taken together, these findings indi-
cate that H19 knockout promotes Paneth and goblet cell
function, and induces autophagy, thus protecting the intes-
tinal barrier against septic stress.

H19 Overexpression Suppresses Autophagy and
Disrupts Epithelial Barrier Function In Vitro

To define further the role of H19-mediated inhibition of
autophagy in the regulation of intestinal epithelial barrier
function, we used Caco-2 cells as an in vitro model for gut
epithelial barrier study as reported previously.’**® As
shown (Figure 7A4), the levels of cellular H19 increased
dramatically in cells that were transfected with the H19
expression vector as compared with cells transfected with
an empty vector (control). Ectopically expressed H19 spe-
cifically induced the expression levels of miR-675-3p and
miR-675-5p, but did not alter the expression of other miR-
NAs such as miR-29b or miR-222 (data not shown).
Increasing the levels of H19 by transfection with the H19
expression vector prevented the activation of autophagy by
the pharmacologic inducer rapamycin. In control IECs,
treatment with rapamycin activated autophagy, as indicated
by increased levels of LC3-II on Western blot (Figure 7B,
top), but this activation was abolished in cells over-
expressing H19 (Figure 7B, bottom).

The increase of H19 abundance also resulted in epithelial
barrier dysfunction in vitro as shown by a decrease in
transepithelial electrical resistance (TEER) and an increase
in the levels of paracellular flux of FITC dextran (Figure 7C).
As expected, exposure to LPS also disrupted the epithelial
barrier in cultured cells; both the decreased TEER and
increased paracellular permeability induced by LPS were
prevented by treatment with rapamycin (Figure 7D).
Moreover, the rapamycin-induced protective effects on the
epithelial barrier in LPS-treated cells was abolished by
overexpressing H19, as shown by the finding that TEER
values and paracellular permeability in HI9-transfected
cells treated with LPS plus rapamycin were indistinguish-
able from those observed in cells treated with LPS alone
(Figure 7D). On the other hand, neither H19 overexpression
nor treatment with rapamycin affected cell viability, as
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Figure 3. Ectopic over-
expression of H19 pre-
vents an increase in the
numbers of Paneth and
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organoids isolated from
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48 hours after transfection
with an H79 expression
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vector. Values are the
means + SEM (n = 3). *P <
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vector. (B) Immunostaining
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positive cells, red) in in-
testinal organoids
described in panel A: a)
control; and b) H19 O/E.
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measured by trypan blue staining (data not shown). These
data indicate that the increase in H19 levels after stress
disrupts epithelial barrier function at least partially by
inhibiting autophagy in the intestinal epithelium.

Discussion

Our previous study showed that ectopically expressed
H19 in cultured IECs disrupted epithelial barrier function in
an in vitro model by inhibiting expression of Z0O-1 and E-
cadherin post-transcriptionally,’® but the exact in vivo
function of H19 in the intestinal epithelium remains to be
fully elucidated. By using mice bearing a conditional abla-
tion of H19 exon 1, we found strong genetic evidence that
H19 plays an important suppressive role in the intestinal
barrier by reducing autophagy and the function of Paneth
and goblet cells. Targeted deletion of H19 in mice not only
promoted the functions of Paneth and goblet cells in the

lysozyme; O/E,

-l- '
H19 overexpression.

Littermates

intestinal mucosa but also activated autophagy. Preventing
the induction of H19 levels in mice exposed to CLP protected
Paneth and goblet cell function and preserved autophagy,
thus promoting intestinal barrier function. These findings
advance our understanding of the biological function of H19
in the intestinal epithelium and highlight a crucial role of
increased H19 in the pathogenesis of intestinal barrier
dysfunction. Because H19 is highly conserved in mammalian
tissues and its levels increase markedly in human intestinal
mucosa from patients with sepsis, our present results pro-
vide a strong rationale for considering therapeutic strategies
directed at the H19/miR-675 axis to protect intestinal bar-
rier function in clinical settings.

Our results reported here indicate that an increase of
tissue H19 levels in the small intestinal mucosa impairs the
effectiveness and integrity of barrier function in response to
stressful environments. The mucosal H19 content increased
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Figure 4. H19 deletion promotes Paneth cell function in vivo and ex vivo. (A) Levels of mucosal H19 (left), miR-675-3p
(middle), and miR-675-5p (right) in the small intestine of mice exposed to CLP for 24 hours. Values are the means + SEM
(n = 5). *P < .05 compared with sham-treated mice. (B) Immunostaining of lysozyme-positive cells in the intestinal mucosa of
mice treated as described in panel A: a) Sham; and b) CLP. Signals evidence the presence of lysozyme (green), E-cadherin (red),
and nuclei (stained with 4/,6-diamidino-2-phenylindole [DAPI]) (blue). Scale bars: 50 um. (C) Quantitative data of lysozyme-
positive cells in the small intestinal epithelium described in panel B. Values are the means + SEM (n = 5). *,* P < .05
compared with sham-treated mice and littermate mice exposed to CLP, respectively. (D) Immunostaining of lysozyme-positive
cells in intestinal organoids isolated from H197 and control littermate mice (a) Control; and b) LPS) after treatment with LPS (20
ng/mL) for 5 days (red). E-cadherin, green; nuclei, blue. Scale bar: 50 um. (E) Quantitative results of lysozyme-positive cells in
intestinal organoids treated as described in panel D. Values are the means + SEM (n = 5). *," P < .05 compared with controls
(nontreatment) and organoids (from littermate mice) exposed to LPS, respectively. E-cad, E-cadherin.

dramatically in mice exposed to CLP and in patients with much lower gut permeability after CLP in H19”" mice than
sepsis, associated with intestinal barrier dysfunction. In in littermate mice. H19 elicits multiple biological functions
contrast, H19 knockout in mice protected intestinal barrier by targeting different signals through distinct molecular
function against septic stress induced by CLP, as shown by mechanisms, so its specific roles in physiology and disease
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states depend on a range of factors.’®*” For example, H19

represses embryonic placental growth during fetal devel-
opment through processing of miR-675,%% but it promotes
mucosal regeneration in inflamed intestinal tissues by
inhibiting p53 expression and interacting with miR-34a and
let-7.® The H19/miR-675 axis inhibits prostate cancer
metastasis by targeting transforming growth factor-
B-induced protein,*® and it promotes breast cancer cell
plasticity by differentially sponging miR-200b/c and let-
7b.3° Deletion of the H19 gene also affects the expression
levels of the Igf2 gene and 8 other genes in the imprinted
gene network.””*” Our study provides additional evidence
showing an in vivo function for H19 in the regulation of
intestinal barrier function.

We present evidence that H19 regulates intestinal bar-
rier function partially by modulating the levels of Paneth
and goblet cells that are responsible for mucosal defense

and host protection from enteric pathogens.*"** Paneth and
goblet cells increased in the absence of H19 in vivo as well
as ex vivo, and H19 knockout also prevented CLP-induced
inhibition of Paneth and goblet cells and improved intesti-
nal barrier function. In an ex vivo model, H19-deficient
enteroids from H197" mice showed a protective effect on
Paneth and goblet cells against LPS. Paneth and goblet cells
are specialized secretory cell types of the intestinal epithe-
lium and share similar characteristics, but they have distinct
biological roles. During intestinal development, the secre-
tory lineages in mammals differentiate from a shared pro-
genitor located above the stem cell niche. During
differentiation, Paneth cells move back to the base of the
crypts and become interspersed between the stem cells,
whereas goblet cells migrate into both crypts and villi.*?
Paneth cells produce abundant antibacterial peptides/
proteins that confer mucosal protection and provide signals



2020

A

\e(ox ((\7’\0(0\'

N o\ Lof oV oV
0 e g Q Q' Q' Q 9
W "C‘x\ W T NN

-LC3-l
LC3-l

Regulation of Gut Permeability by H19 619

bl I |

w

LC3-ll/LC3-l ratio
o
Littermates

H19'

< n
b1 g —— . -Lysozyme g 0.
3 .\'_ — — == |-Beclin £ 02 8 *
0011 | 5| B3
— e cwe ) SN S = -HSCT70 - g ’—_L‘
h m . 0.0
Sham CLP Sham CLP
C D oo o
- N o oS o
_— L Q' g¢ Q’ g,
3 6 R S SRS
g 4 é ’ o M5 o e o s s s -E-cadherin
X | E
) = —
5. & 2 - 204
= o I =
(T
0 I.]. —-"?-_-GAPDH
Sham LP m )

Sham CLP

Figure 6. H19 deletion in mice activates autophagy and protects the gut barrier function. (A) Immunoblots of autophagy
proteins LC3, lysozyme, and beclin in the small intestinal mucosa of mice exposed to CLP for 24 hours. Equal loading was monitored
by assessing heat shock cognate 71 kDa protein 70 levels. (B) Quantitative analysis derived from densitometric scans of immu-
noblots. Top: changes in LC3 activity, as quantified by examining the ratio of LC3-Il and LC3-l; bottom: changes in the levels of
lysozyme as quantified by the ratio of lysozyme signals to heat shock cognate 71 kDa protein 70 signals. Values are means + SEM
(n = 3). *P < .05 compared with control littermates. (C) Gut permeability in H19™ - and control littermate mice treated as described in
panel A. Values are the means + SEM (n = 5). *,* P < .05 compared with sham-treated mice and littermate mice exposed to CLP,
respectively. (D) Immunoblots of E-cadherin and ZO-1 in the small intestinal mucosa of mice treated as described in panel A. Equal
loading was monitored by measuring GAPDH levels. Three separate experiments were performed that showed similar results.

for the maintenance of stem cells for normal mucosal
renewal.** Goblet cells synthesize and release various mucin
proteins that are major components of the unstirred mucus
layer covering the epithelium.”® Defects in Paneth and
goblet cells disrupt the intestinal barrier function and
compromise epithelium homeostasis.”® The exact mecha-
nisms by which H19 regulates Paneth and goblet cell levels
remain unknown and are under intensive investigation in
our laboratory.

Another significant finding of this study was the increase
in autophagy in the H19-deficient intestinal epithelium,
which further contributed to the protective effect on barrier
function in H19”~ mice exposed to CLP. Although the role of
H19 in regulating autophagy is not clear at this time,*>*” the
basal levels of LC3-II, lysozyme, and beclin increased in the
small intestinal mucosa of H197" mice relative to control
littermates. Septic stress-induced suppression of autophagy

was prevented in H19-ablated mice after CLP. Conversely,
overexpression of H19 in cultured IECs prevented an in-
crease in autophagy mediated by rapamycin and also dis-
rupted epithelial barrier function in an in vitro permeability
model. Moreover, ectopically expressed H19 in IECs abol-
ished rapamycin-induced protection of epithelial barrier
function. Autophagy is a conserved intracellular pathway
that is characterized by the formation of double-membrane
vesicles called autophagosomes, which contain cytoplasmic
structures and pathogens targeted for degradation.”*®
Autophagy is believed have a generally favorable impact
on cell, tissue, and organ homeostasis, and participates in
various physiological processes including the maintenance
of intestinal barrier function.*”*° Induced expression of the
autophagy protein ATG16L1 prevents necroptosis in the
intestinal epithelium.”® Paneth cells secrete lysosome
through secretory autophagy,” and autophagy proteins also
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control function of goblet cells.”® Deficiency of autophagy
proteins and/or reduction in autophagy also reduced Pan-
eth and goblet cell levels and function.*®°%°" Defective
autophagy is observed commonly in mice with destructive
mucosal inflammatory erosions,”’ and disrupted expression
of autophagy genes such as Atg16l1, Atg5, and Atg7 also
occurs in patients with inflammatory bowel diseases and
other mucosal disorders.*" Although H19 deletion activates
autophagy in the intestinal epithelium, the exact mecha-
nisms and consequences of the altered autophagic response
in Paneth and goblet cell function remain be investigated
using appropriate mouse models.

Finally, the results from this study have clinical signifi-
cance because human intestinal mucosa from patients with
sepsis has shown both increased levels of H19 and intestinal
barrier dysfunction. As reported,”® tissue levels of H19
increased significantly in the intestinal mucosa of mice
exposed to LPS or dextran sulfate sodium and in human
mucosal tissues from patients with inflammatory bowel dis-
ease, associated with massive mucosal inflammation, injury/
erosions, and increased gut permeability. Deregulated
expression of H19 also commonly has been observed in pa-
tients with other diseases including various cancers and liver
fibrosis.”>*® In this study, we identified a novel role for H19
in regulating Paneth and goblet cell function and in
increasing autophagy in the intestinal epithelium in vivo,
ex vivo, as well as in vitro. We also established the impor-
tance of increased Paneth and goblet cell levels and auto-
phagy in preserving intestinal barrier function in H197" mice
exposed to septic stress. These findings shed light on how
H19 regulates intestinal barrier function in response to
pathologic stress, and highlight the possible value of targeting
H19 therapeutically and its interacting miRNAs in patients
with compromised intestinal barrier function.

Materials and Methods
Culture Cells and Mice

Caco-2 cells were purchased from the American Type
Culture Collection (Manassas, VA) and were maintained
under standard culture conditions.”**> The culture medium
and fetal bovine serum were purchased from Invitrogen
(Carlsbad, CA) and biochemicals were from Sigma (St. Louis,
MO). Antibodies recognizing E-cadherin, Z0-1, lysozyme,
mucin 2, LC3-II, beclin, heat shock cognate 71 kDa protein
(HSC)70, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were obtained from Santa Cruz Biotechnology
(Santa Cruz, CA) and BD Biosciences (Sparks, MD), and the
secondary antibody conjugated to horseradish peroxidase
was from Sigma. All antibodies used in this study were
thoroughly validated for species specificity. Antibody di-
lutions used for Western blot of E-cadherin, ZO-1, lysozyme,
mucin 2, LC3-II, beclin, and GAPDH were 1:1000 (first Ab)
and 1:2000 (second Ab), respectively, whereas antibody
dilutions for immunostaining were 1:200 (first) and 1:2000
(second). Relative protein levels were analyzed using Bio-
Rad (Hercules, CA) Chemidoc and the XRS system equip-
ped with Image lab software (version 4.1). We also used the
Quantity (Hercules, CA) tool to determine the band intensity
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volume; the values were normalized with internal loading
control of either GAPDH or HSC70.

Wild-type C57BL/6] mice (males and females; age, 6-9
wk) were purchased from The Jackson Laboratory (Bar
Harbor, ME). H19 knockout (H19**°'/™) mice were kindly
provided by Dr Karl Pfeifer (National Institutes of Health),*’
and they carried a 1-kb deletion of H19 exon 1 that removes
almost the entire exon 1, including the region encoding miR-
675, and reduces levels of even the partial H19 transcript by
more than 100-fold globally.>*? All animal experiments
were performed in accordance with National Institutes of
Health guidelines and were approved by the Institutional
Animal Care and Use Committee of the University Maryland
School of Medicine and the Baltimore Veterans Affairs
Hospital. Wild-type C57BL/6] and H19 knockout and their
control littermate mice were housed and handled in a spe-
cific pathogen-free breeding barrier and cared for by trained
technicians and veterinarians. Animals were deprived of
food but allowed free access to tap water for 24 hours
before experiments. After different treatments, two 4-cm
segments taken from the middle of the small intestine
were removed in each animal as described previously.”*
One segment was for chemical analysis, and the other
segment was for histologic examination.

Intestinal Organoid Culture

[solation and culture of primary enterocytes were con-
ducted following the method described previously.”*°
Briefly, primary crypts were released from the small intes-
tinal mucosa in mice, then the isolated crypts were mixed
with Matrigel (Corning Inc, Corning, NY) and cultured in
Advanced Dulbecco’s modified Eagle medium/F12 medium.
The growth of organoids was examined under phase-
contrast microscopy.

Plasmid Construction

An expression vector containing a 1.5-kb fragment
flanking the human H19 locus (including the entire exon 1)
under the control of pCMV promoter was purchased from
Origene (Rockville, MD) and used to increase cellular H19 as
described previously.'® Transient transfections were per-
formed using the Lipofectamine reagent following the
manufacturer’s recommendations (Invitrogen). Forty-eight
hours after transfection using Lipofectamine, cells were
harvested for analysis.

Reverse Transcription and Real-Time
Quantitative PCR Analysis

Total RNA was isolated using the RNeasy mini kit (Qia-
gen, Valencia, CA), and reverse transcription and PCR
amplification reactions were performed as described.'” The
levels of Gapdh PCR product were examined to monitor the
evenness in RNA input in reverse transcription PCR sam-
ples. Real-time quantitative PCR analysis was conducted
using 7500-Fast Real-Time PCR Systems with specific
primers, probes, and software (Applied Biosystems, Foster
City, CA). For miRNA studies, the levels of miR-675 and miR-
29b also were quantified by quantitative PCR by using the
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TagMan (Aplied Biosystems, Foster City, CA) MicroRNA
assay; small nuclear RNA U6 was used as endogenous
control.

Western Blot Analysis

Whole-cell lysates were prepared using 2% sodium
dodecyl sulfate, sonicated, and centrifuged (12,000 rpm) at
4°C for 15 minutes. The supernatants were boiled for 5
minutes and size-fractionated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (7.5% acryl-
amide). After transferring proteins onto nitrocellulose fil-
ters, the blots were incubated with primary antibodies
recognizing different proteins; after incubations with sec-
ondary antibodies, immunocomplexes were developed by
using chemiluminescence.

Immunofluorescence Staining

The immunofluorescence staining procedure was per-
formed according to the method described in our previous
publications.>*" For experiments using mucosal tissue
samples from human beings and mice, dissected and opened
intestines were mounted onto a solid surface and fixed in
formalin and paraffin. In each tissue sample, more than 5
slides (5-um thickness per section) were prepared for
immunofluorescence staining. For studies in cultured in-
testinal organoids and Caco-2 cells, the slides were fixed in
3.7% formaldehyde in phosphate-buffered saline and rehy-
drated. All slides were incubated with the primary antibody
against lysozyme or mucin 2 in the block buffer at a con-
centration of 1:200 or 1:300 dilution at 4°C overnight and
then incubated with secondary antibody conjugated with
Alexa Fluor-594 (Molecular Probes, Eugene, OR) for 2 hours
at room temperature. After rinsing 3 times, the slides were
incubated with 4/,6-diamidino-2-phenylindole (Molecular
Probes) at a concentration of 1 umol/L for 10 minutes to
stain cell nuclei. Finally, the slides were washed, mounted,
and viewed through a Zeiss (Oberkochen, Germany)
confocal microscope (model LSM710). Slides were exam-
ined in a blinded fashion by coding them, and only after the
examination was complete were they decoded. Images were
processed using Adobe Photoshop software (San Jose, CA).

Measurement of Epithelial Barrier Function
In Vitro

The epithelial barrier function in vitro was examined by
paracellular tracer flux assays using the 12-well Transwell
plate (surface area, 1.12 cm?) as described.*° FITC dextran
(70 kilodaltons; Sigma), a membrane-impermeable mole-
cule, served as the paracellular tracer and was added to the
apical bathing wells. The basal bathing well had no added
tracers and contained the same flux assay medium as in the
apical compartment. All flux assays were performed at 37°C,
and the basal medium was collected at different times after
addition of the FITC dextran. The concentration of the FITC
dextran in the basal medium was determined using a fluo-
rescence plate reader with an excitation wavelength of 490
nm and an emission wavelength of 530 nm. TEER was
measured with an epithelial voltmeter under open-circuit
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conditions (WPI, Sarasota, FL) as described,” and the
TEER of all monolayers was normalized to that of control
monolayers in the same experiment.

Surgical Procedures and Measurement of Gut
Permeability In Vivo

Mice were anesthetized by Pentobarbitol (5.5 mg/100-g
wt, intraperitoneally), and CLP was performed as
described.”” The distal portion of the cecum (1 cm) was
ligated with 5-0 silk suture. The ligated cecum then was
punctured with a 25-gauge needle and slightly compressed
with an applicator until a small amount of stool appeared. In
sham-operated animals, the cecum was manipulated but
without ligation and puncture, and was placed back in the
peritoneum. The incision was closed using a 2-layer pro-
cedure: 5-0 silk suture on the muscle layer and the skin.
Mice received 1 mL of saline intraperitoneally for fluid
resuscitation at the time of closure and 0.1 mg/100 g weight
buprenorphine subcutaneously 4 times at 12-hour intervals
to minimize distress.

Gut permeability in vivo was determined by examining
the appearance in blood of FITC dextran administered by
gavage as described.* Briefly, mice were gavaged with FITC
dextran at a dose of 60 mg/100 g wt 4 hours before harvest.
Blood samples were collected by cardiac puncture. The
serum concentration of the FITC dextran was determined
using a fluorescence plate reader as described earlier.

Statistical Analysis

All values were expressed as the means + SEM from 5
animals or 3 separate experiments. An unpaired, 2-tailed
Student t test was used when indicated with a P value
less than .05 considered statistically significant. When
assessing multiple groups, 1-way analysis of variance was
used with the Tukey post hoc test.”® The statistical software
used was GraphPad Instat Prism 5 (San Diego, CA). For
nonparametric analysis rank  comparison, the
Kruskal-Wallis test was conducted.
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