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Endoplasmic Reticulum Stress in Subepithelial Myofibroblasts
Increases the TGF-f1 Activity That Regulates Fibrosis in Crohn's
Disease

Chao Li, MD, MS,"** John R. Grider, PhD,*"#* Karnam S. Murthy, PhD,*"* Jaime Bohl, MD,* Emily Rivet, MD,*
Nicole Wieghard, MD,’ and John F. Kuemmerle, MD,*"*

Background: Endoplasmic reticulum (ER) stress is an essential response of epithelial and immune cells to inflammation in Crohn’s disease. The
presence and mechanisms that might regulate the ER stress response in subepithelial myofibroblasts (SEMFs) and its role in the development of
fibrosis in patients with Crohn’s disease have not been examined.

Methods: Subepithelial myofibroblasts were isolated from the affected ileum and normal ileum of patients with each Montreal phenotype of
Crohn’s disease and from normal ileum in non-Crohn’s subjects. Binding of GRP78 to latent TGF-$1 and its subcellular trafficking was exam-
ined using proximity ligation-hybridization assay (PLA). The effects of XBP1 and ATF6 on TGF-1 expression were measured using DNA-ChIP
and luciferase reporter assay. Endoplasmic reticulum stress components, TGF-1, and collagen levels were analyzed in SEMF transfected with
siRNA-mediated knockdown of DNMT1 and GRP78 or with DNMTT inhibitor 5-Azacytidine or with overexpression of miR-199a-5p.

Results: In SEMF of strictured ileum from patients with B2 Crohn’s disease, expression of ER stress sensors increased significantly. Tunicamycin
elicited time-dependent increase in GRP78 protein levels, direct interaction with latent TGF-$1, and activated TGF-1 signaling. The TGFB1
DNA-binding activity of ATF-6a and XBP1 were significantly increased and elicited increased TGFBI transcription in SEMF-isolated from af-
fected ileum. The levels of ER stress components, TGF-f1, and collagen expression in SEMF were significantly decreased following knockdown
of DNMT1 or GRP78 by 5-Azacytidine treatment or overexpression of miR-199a-5p.

Conclusions: Endoplasmic reticulum stress is present in SEMF of patients susceptible to fibrostenotic Crohn’s disease and can contribute to de-
velopment of fibrosis. Targeting ER stress may represent a novel therapeutic target to prevent fibrosis in patients with fibrostenotic Crohn’s disease.
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INTRODUCTION

Endoplasmic reticulum (ER) stress response plays an
important role in maintenance of cellular homeostasis by re-
ducing the nascent and misfolded proteins that are produced
under conditions of cellular stress including inflammation." 2
Endoplasmic reticulum stress and activation of the unfolded
protein response (UPR) are associated with intestinal epithe-
lial cell damage and apoptosis in Crohn’s disease."> Upon the
onset of ER stress, the glucose-regulated protein 78 (GRP78),
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an ER stress master protein, dissociates from its binding part-
ners: inositol-requiring enzyme la and f (IREla and p),
activating transcription factor-6a (ATF-6a), and pancreatic
ER kinase (PERK).!2 Dissociation of GRP78 from this com-
plex activates the protective UPR. Unfolded protein response
associated genes (eg, IREla, ATF6, and XBP1) have also
been implicated in the genetic analysis of Crohn’s disease.**
Although ER stress and initiation of the UPR has been identi-
fied in intestinal epithelial cells and Treg cells in active Crohn’s
disease, a potential role for ER stress and UPR in the response
of activated subepithelial myofibroblast (SEMF) in Crohn’s di-
sease has not been considered.
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Our previous work has demonstrated increased expres-
sion of TGF-f1 and activation of the increased latent TGF-1
in human intestinal smooth muscle cells by a nonproteolytic
o B, integrin-dependent mechanism.” Oida et al demonstrated
that latent TGF-B1 complexes with free GRP78 in the ER/
Golgi of Foxp3 + regulatory T cells and translocates to the cell
surface.®

Significant morbidity from bowel obstruction occurs
in the up to 50% of Crohn’s disease patients with a Montreal
B2 fibrostenotic phenotype.” 1 Fibrostenotic Crohn’s disease
is characterized by activation of intestinal mesenchymal cells,
including SEMF and smooth muscle cells, and increased auto-
crine production of cytokines, including TGF-f1, that lead to
excess production of extracellular matrix (ECM) proteins in-
cluding collagen I and fibronectin.!* Due to its autocrine na-
ture, once fibrosis is initiated, it progresses even in the absence
of ongoing inflammation. Our current anti-inflammatory thera-
peutic strategy for Crohn’s disease does not inhibit development
of fibrosis in patients with fibrostenotic Crohn’s disease.'* !5

MicroRNAs (miRs) are small noncoding (18-25 oligo-
nucleotides) RNAs that play a role in the regulation of
physiological and pathophysiological responses by post-
transcriptional regulation of gene expression.'® A 6 to 8 nucle-
otide sequence of the microRNAs “seed sequence” binds to the
3’-untranslated region (UTR) of targeted mRNAs and causes
translational repression or mRNA degradation.'® Previous
studies have identified distinct tissue and plasma miRNA ex-
pression patterns in patients with Crohn’s disease.!”" The
TGF-B1 signaling pathway has numerous miRNA regulators,
including a miR-199a-binding site in the 3’~-UTR of Smadl and
Smad4 mRNA.>-2! Hybridization analysis also reveals that the
ER stress chaperone GRP78 and sensors ATF-6a and XBP1
are potential targets for regulation by miR-199a.?>2

In this article, we provide evidence for the first time of the
presence of ER stress and activation of the UPR in SEMF iso-
lated from regions of fibrostenosis in the ileum of patients with
fibrostenotic Crohn’s disease. Endoplasmic reticulum stress and
UPR are not present in the normal ileum of the same patients
or in patients with other phenotypes of Crohn’s disease.

METHODS

Isolation of SEMF From Patients With Crohn’s

Disease

Intestine was obtained from patients undergoing ileal
resection for Crohn’s disease (Table 1). All specimens in this
analysis were obtained from patients with Montreal pheno-
type determined clinically, radiographically, and pathologically.
Comparison is made between patients with solely inflamma-
tory Bl, fibrostenotic B2, and penetrating B3 disease. The
Montreal classification is hierarchical, and subjects with com-
bined phenotypes (ie, B2B3) were excluded from this analysis.
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TABLE 1. Subject Demographics

Age (years) Patient No. (% of total)
under 20 3(10)
20-29 11(33)
30-39 10 (30)
40-49 5(15)
50-59 2 (6)
over 60 2 (6)

Sex
Male 13 (39)
Female 20 (63)

Race
White 19 (58)
Black or African 13 (39)
Other/unknown 1(3)

Non-Crohn’s Subjects 8

CD Subjects

Montreal Phenotype

Bl-nonstricturing, 7

non penetrating

B2-stricturing 9

L1-ileal 6 (67%)

L3-ileo-colic 3(33%)

B3-Penetrating 9

The histologically normal ileum from non-Crohn’s subjects was
used accordingly as a comparison.

Subepithelial myofibroblasts were isolated based on a
modification of a method previously described.?* Briefly, after
obtaining a 1:2 to 1-inch strip of normal resection margin and
affected ileum tissue from the patient with diagnosed Crohn’s di-
sease, the epithelial layer was removed by shaking with 25 mL of
5 mM ethylenediaminetetraacetic acid in Hank’s balanced salt
solution (HBSS, MilliporeSigma, St. Louis, MO, USA) at 37°C
at 250 rpm for 15 minutes. After ethylenediaminetetraacetic
acid treatment, mucosal samples were denuded of epithelial
cells and rinsed with ice-cold phosphate buffered saline twice.
Subsequently, the tissues were placed in a conical tube con-
taining 20 mL of RPMI-5 (MilliporeSigma) complete medium
supplemented with a final concentration of 10% fetal bovine
serum, 2 mM of L-glutamine, 10mM of HEPES, pH 7.4, | mM
of sodium pyruvate, 100 U/mL of penicillin, 100 pg/mL strepto-
mycin, 20 U of dispase II (Thermo Fisher Scientific, Waltham,
MA, USA), and 4000 of U collagenase D (MilliporeSigma)
and shaken vertically at 250 rpm for 1 hour at room temper-
ature. After the tissue was pelleted at 200 g for 5 minutes at
4°C and washed with ammonium-chloride-potassium lysis
buffer once, the cells were resuspended with 10 mL of RPMI-5
complete medium and cultured at 37°C in a humidified 5%
CO, incubator. The following antibodies were used for the
myofibroblast characterization: anti-a-smooth muscle actin
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(MilliporeSigma), anti-vimentin (Santa Cruz Biotechnology,
Dallas, TX, USA), anti-desmin (Santa Cruz Biotechnology),
and appropriate isotype-matched controls (MilliporeSigma).
Subepithelial myofibroblasts isolated from human intes-
tine were used to prepare RNA, microRNA, whole cell lysates,
or nuclear lysates or placed into primary cell culture as reported
and validated previously.? % Epithelial cells, endothelial cells,
neurons, and interstitial cells of Cajal are not detected in cells
isolated in this fashion. These cells possess a myofibroblasts
phenotype: immunostaining for vimentin and a-smooth muscle
actin markers but not smooth muscle cell markers, y-enteric
actin, or desmin.” ?” Each characteristic is retained in primary
culture, as are their epigenetic changes.?” Cells were treated
with 5 pg/mL of tunicamycin (Tocris Bioscience, Bristol, UK)
for different time points and for different experimental purposes.

Ethical Considerations

Human studies were approved by the Virginia
Commonwealth University Institutional Review Board. All pa-
tients gave informed consent and agreed to provide specimens.

Quantitative Real-time PCR

Quantitative real-time polymerase chain reaction (qRT-
PCR) was used to measure RNA transcripts of TGFBI,
Collagen Ial, and miR-199a-5p. Primers were used for human
TGFBI, Hs00998133_m1; COLIAI, Hs00164004_m1; GAPDH,
Hs03929097_gl; miR-199a-5p, 478231_mir, A25576; and
RNUG6B, snRNA 001093 (Applied Bio Systems, Foster City, CA,
USA). Results were calculated using the 2t method based on
GAPDH for mRNA and U6 for miR amplification, which re-
mained stable across the regions and phenotypes examined.

Transfection

Transfection of primary cultured SEMF was performed
using X-tremeGENE siRNA (Roche) transfection reagent,
mixed with pre-miR miRNA precursors for miR-199a-5p
(Thermo Fisher Scientific), siRNA DNMTI, siRNA GRP78,
or scrambled sense controls (Santa Cruz Biotechnology). For
each transfection, 100 nM of siRNA or miR 199a-mimic was
diluted in 250 pl Opti-MEM (Thermo Fisher Scientific). The
transfected cells were incubated at 37°C at 85% humidity and
5% CO, for 24~48 hours before RNA isolation or Western blot
analysis.

Western Blot Analysis

Cell lysates were prepared as described previously from
muscle cells isolated from strictured intestine and from normal
proximal resection margin in the same patient or in cultured
cells as described previously” The levels of GRP78, XBP1
(detecting both XBP1-S/U), ATF6a, DNMT1 (Cell Signaling
Technologies, Danvers, MA, USA) and collagen 1A1 (Santa
Cruz Biotechnology) in lysates were measured and normalized
to B-actin (MilliporeSigma).

DNA-Chromatin Immunoprecipitation

DNA-chromatin immunoprecipitation (DNA-ChIP)
assay was performed on nuclear extracts from freshly iso-
lated cells from non-Crohn’s subjects and from the normal
ileum and affected ileum of the same patient with fibrostenotic
Crohn’s disease. Experiments were performed according to
manufacturer’s protocol (QIAGEN, Germantown, MD,
USA). The ChIP-grade antibodies for XBP1 and ATF6a
(Cell Signaling) were used in addition to control rabbit IgG.
Polymerase chain reaction was performed with primers specific
for the promoter region of TGFBI. Results were calculated
from input; PCR was performed with DNA isolated from nu-
clear extracts without immunoprecipitation. Real time PCR
data analysis was performed according to the manufacturer’s
protocol. Purified antibody-bound protein/DNA complexes
were analyzed by PCR, with primers amplifying the human
TGFBI promoter fragment containing the CCACG-box (for-
ward, 5-GTCTGAGCAAGGCAGCTTCT-3" and reverse,
5’-GCCAGGTGCCTGAATA AAGA-3’), generating a 211-bp
product. Polymerase chain reaction products were visualized in
1% agarose gels. The acetyl histone H3 antibody as a positive
control and normal rabbit IgG as a negative control were in-
cluded. Aliquots of chromatin samples without the treatment
with antibodies were used as an input control.

Confocal Microscopy

Seven-pm cryosections of human intestine were used
for microscopy. Digital images were obtained using a Leica
TCS-SP2 AOBS Confocal Laser Scanning Microscope.

Proximity Ligation Assay

Protein-protein interaction between LAP-$1 and GRP78
was determined using in situ hybridization proximity ligation
assay (PLA) reported previously.” Histologic sections or primary
cultures of intestinal SEMF were incubated with 1:50 mouse
anti-human LAP-f1 (R&D Systems, Minneapolis, MN) and
1:50 goat anti-GRP78 (Santa Cruz Biotechnology) overnight
at 4°C, and ligation-hybridization was performed according to
manufacturer’s directions (Olink Bioscience, Uppsala, Sweden).
Images were obtained by indirect immunofluorescence using
a Zeiss Axiolmager Z1 Microscope and AxioVision 4.6.3-SP1
software (Carl Zeiss Microscopy GmBH, Jena, Germany).
Images were analyzed with Duolink-II Imaging Software (Ver
1.0.1.2, Olink Bioscience, Uppsala, Sweden). Results were re-
ported as blobs per cell minus background for 10 SEMF counted
in 10 successive high power fields by a blinded observer.

Methylation PCR of miR-199a

Genomic DNA was converted with bisulfite using EZ
DNA methylation-lighting kit (Zymo Research, Irvine, CA,
USA) according to the manufacturer’s protocol. Bisulfite-
converted DNA was then used for real-time PCR using a pair
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of custom-made TagMan probes (Applied Biosystems, Foster
City, CA, USA) specific for either the methylated (M) or
unmethylated (U) region of the CpG island in the promoter of
miR-199a. Sequences of the probes are as follows: M, 6FAM-
5-TGCGTTGTGTCGTTGGAGAGATCG-3’-MGBNFQ;
U, VIC-5-TGTGTTGTGTTGTTGGAGAGATTGTTA-
3’-G-MGBNFQ. Methylation of miR-199a was calcu-
lated by C__ =100/ (1 +2(Ct., — Ct, )%, where Ct_, and
Ct,, are the threshold cycles of methylated (FAM channel)
and unmethylated (VIC channel) detectors, respectively.?®
Conditions for methylation PCR analysis were initial denatur-
ation at 95°C for 10 minutes before cycling conditions, which
include 40 cycles of denaturation at 95°C for 30 seconds, an-
nealing 55°C for 30 seconds, extension at 72°C for 30 seconds,
and final extension at 72°C for 7 minutes.

Measurement of TGF-f31 by ELISA

The TGF-p1 levels were measured using isoform-specific,
enzyme-linked immunosorbent assay (ELISA) (R&D Systems)
in SEMF of normal ileum from patients with fibrostenotic
Crohn’s disease. Subepithelial myofibroblasts were subject to
indicated treatment before cell lysis for ELISA. Active TGF-f1
(already active in the SEMF) was measured in samples without
acid activation. Total TGF-1 was measured in SEMFs treated
with acid activation and represented TGF-f31 already active in
the SEMF including LAP-f1 (that was activated by the acid
treatment). Absorbance was read using a Wallac Victor2 1420
Multilabel counter (Perkin Elmer Life Sciences, Waltham,
MA). Wavelength correction was calculated by subtracting
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readings at 570 nm from the reading at 450 nm to eliminate
background noise in the ELISA plate. The TGF-p1 assay
has no appreciable cross reactivity with TGF-2 or TGF-f3,
activins, inhibins, or bone morphogenetic proteins. Results
were calculated as in picograms per milliliter of protein.

Statistical Analysis

Values represent means £ SE of n experiments, where n
represents the number of experiments on cells derived from sep-
arate subjects or animals. Statistical significance was tested by
Student ¢ test for either paired or unpaired data as appropri-
ated. Comparison between multiple groups was made using the
ANOVA (>2 groups), with a Turkey test for post hoc compari-
sons. Significance was assumed for P < 0.05.

RESULTS

Endoplasmic Reticulum Stress Increases in

Fibrostenotic Crohn’s Disease

We first measured the protein expression patterns of several
ER stress markers in cultured SEMF from different phenotypic
CD and corresponding normal ileum. Western blot analysis dem-
onstrated that GRP78 and ATF-6a protein levels were signifi-
cantly increased by 3.1 + 0.2-fold and 2.8 * 0.1-fold respectively,
in SEMFs that were isolated from affected ileum compared with
normal ileum in the same patient with B2 fibrostenotic Crohn’s
disease and compared with that of other phenotypes including
inflammatory Bl and penetrating B3 (Fig. 1A). The ratio be-
tween XBP1-S and XBP1-U, a reflection of the activation of ER

ATF6a

GRP78 XBP1

No TM

™

ileum

FIGURE 1. ER stress increases in fibrostenotic Crohn's disease. A, GRP78, ATF-6a, and XBP-1 (spliced & unspliced) protein expressions were measured in
SEMFs that were isolated from patient’s ileum with each Crohn’s disease phenotype, Montreal B1, B2, and B3 indicated conditions (n = 3-5 patients for
each group). B, Representative histologic sections from normal ileum and fibrostenotic ileum in the same patient. Colocalization of a-smooth muscle
actin and GRP78 is increased in vivo in the fibrostenotic ileum compared with normal ileum. Histologic sections were costained using antibodies recog-
nizing a-smooth muscle actin and GRP78. C, Representative immunofluorescent staining of primary cultures of SEMF of normal ileum after treatment
of SEMF from normal ileum with tunicamycin (5 pg/mL) for 8 hours. Expression of the ER stress proteins GRP-76, XBP1, and ATF6a was increased. Each
image is representative of 5 independent experiments (n = 5). Results are expressed as mean + SEM. *Denotes P < 0.05 vs normal ileum SEMF.
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stress, was significantly increased by 2.1 + 0.1-fold in SEMFs
that were isolated from affected ileum compared with normal
ileum in the same patient with B2 fibrostenotic phenotype and
with that in other phenotypes (Fig. 1A).

These in vitro findings were confirmed in
co-immunofluorescent staining of histologic sections of normal
ileum and affected ileum from the same patients with anti-
bodies against GRP-78 and a-smooth muscle actin (a-SMA),
a protein marker for identification of mesenchymal cells. The
GRP78 protein expression was significantly increased in af-
fected ileum compared with normal ileum in the same patient
with B2 fibrostenotic Crohn’s disease (Fig. 1B).

Tunicamycin stimulates intracellular ER stress through
inhibition of N-linked glycosylation in proteins and the gener-
ation of misfolded proteins.?? The increases in protein levels of
GRP78, XBPI1, and ATF6a that were seen in SEMF of stric-
tured ileum could be reproduced in SEMF of normal ileum from
the same patient by induction of ER stress with tunicamycin
(5 pg/mL) for 8 hours (Fig. 1C). Taken together, these data in-
dicate the presence of ER stress in ileal SEMF, a key cell type
for the development of fibrosis in patients with Crohn’s disease.

ER Stress Protein GRP-78 Associates With Latent
TGF-B1

The role of ER stress in the inflammation-induced im-
mune response and intestinal epithelial cell damage in Crohn’s
disease is well known.* 3> However, whether ER stress plays a

role in the development of TGF-B1-dependent intestinal fibrosis
is unknown. Latent TGF-f1 forms a complex with free GRP78
that translocates to the cell surface in regulatory T cells.® Our
previous work demonstrated that latent TGF-p1 is activated by a
nonproteolytic a3, integrin-dependent mechanism at the RGD-
binding domain of the extracellular integrin {3, receptor in mes-
enchymal cells. This process is increased in fibrostenotic ileum
compared with normal ileum in the same patient and results in
excess activated TGF-B1.7 To examine whether GRP78 inter-
acts with latent TGF-B1 in vivo in SEMF of affected ileum of
patients with fibrostenotic Crohn’s disease, histologic sections
were immunostained using antibodies against GRP78 and la-
tent TGF-f1. There was significant association of GRP78 and
latent TGF-B1 in fibrostenotic ileum compared with a minimum
level in normal ileum. (Fig. 2A, i and ii). The direct interaction,
within 15 nm, of GRP78 and latent TGF-1 was confirmed
using proximity ligation-hybridization assay, which detects di-
rect protein-protein interaction. (Fig. 2B, iii and iv). In situ hy-
bridization pixels are in red, and DAPI counterstained nuclei
are in blue. Quantification data of in situ hybridization are ex-
pressed as pixels per high power field in each of 10 consecutive
high power fields with similar numbers of cells (Fig. 2C).

ER Stress Components Induce TGF-B1 Activation

When compared with vehicle-treated SEMF of normal
ileum, treatment with tunicamycin increased protein inter-
action between GRP78 and latent TGF-f1 as determined by

Affected ileum

PLA-In situ
(plxels_/‘hpfl ~
N o o

o & o

Normal ileum  Affected ileum

Affected ileum

FIGURE 2. Complex formation between latent TGF-B1 and GRP78 is increased in SEMF of fibrostenotic ileum in vivo compared with normal ileum in the same
patient. A, Co-immunostaining of GRP78 and latent TGF-31 in affected ileum compared with histologically normal ileum (i and ii). B, Direct protein-protein
interaction between latent TGF-31 and GRP78 is increased in affected ileum compared with normal ileum in the same patient with fibrostenotic Crohn’s di-
sease. Proximity ligation hybridization assay was used to demonstrate direct protein interaction within 15 nm as indicated by the red chromogen. Images are
representative of the normal and fibrostenotic ileum in 5 different patients. C, Data are expressed as pixels per high power field in each of 10 consecutive high
power fields with similar numbers of cells. *Denotes P < 0.05 between normal ileum and affected ileum. Results are expressed as mean + SEM of 5 patients.
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immunofluorescent staining, which is similar to that seen in vivo
in fibrostenotic ileum (Fig. 3A). Intestinal mesenchymal cells
were treated with tunicamycin (5 pg/mL) for increasing periods
of times (Fig.3B). Tunicamycin-induced ER stress in SEMF re-
sulted in a time-dependent increase in association of GRP78,
and latent TGF-f1 within 2 hours was maximal by 8 hours and
sustained for up to 24 hours (Fig. 3B). In tunicamycin-treated
SEMF, RT-PCR analysis showed that transcript levels of both
TGFBI and COL 1A1 were significantly increased (Fig. 3C).
Taken together, these findings suggest that ER stress plays a
role in latent TGF-fB1 activation signaling in SEMF.

ER Stress Sensors XBP1 and ATF-6a Regulate

TGFB1 Gene Transcription

ATF-6a and XBP1 are transcription factors that bind to
the ER stress responsive element 1 (ERSE1) in the promoters
of UPR-responsive genes.** We therefore tested the notion that
ATF-6a and XBP1 might regulate transcription of the TGFBI
gene. First, ChIP assays were performed in SEMF of normal
and strictured ileum to measure the DNA-binding affinity of
both XBP1 and ATF6a transcription factors for the TGFBI
promoter. DNA-binding affinity was increased in SEMF of
fibrostenotic ileum compared with SEMF of normal ileum in
the same patient with Montreal B2 fibrostenotic Crohn’s di-
sease (Fig. 4A and 4B). These DNA-ChIP data suggest that

Control

ER stress is involved in the regulation of TGFBI gene expres-
sion through enhanced DNA binding of ATF-6a and XBP1 to
the TGFBI promoter region. This notion was confirmed after
siRNA-mediated knockdown of ATF6a or XBP1 in normal
SEMF treated with tunicamycin or vehicle. Tunicamycin-
induced upregulation of TGFBI transcription was lost in the
absence of ATF6a or XBP1 using TGFBI luciferase reporter
assay (Fig. 4C). These results showed that, in addition to
GRP78, transcription factors ATF6a and XBP1 are also in-
volved in the ER stress-mediated response in SEMF that con-
tributes to TGF-f1-mediated fibrosis.

Silencing of miR-199a-5p Activates ER Stress

Response in Fibrostenotic Crohn’s Disease
MicroRNAs can exert epigenetic regulation of gene
expression by their ability to effect post-transcriptional gene
expression. However, they are also subject to epigenetic reg-
ulation themselves. Hypermethylation and silencing of
miR-199a-5p expression has been observed in the UPR in
monocytes and the proliferative response of keloid fibroblasts
through disinhibition of ER stress.”> 3* We hypothesized that
silencing of miR-199a-5p causes disinhibition of ER stress in
SEMF of fibrostenotic ileum in Crohn’s disease. The level of
miR-199a-5p expression was significantly decreased in SEMFs
that were isolated from the normal ileum in patients with B2

Tunicamycin

@Normal SEMF
@TM 24h

29 x

MRNA
(Fold Change)
o

0.5 4

TGFB1 COL 1A1

FIGURE 3. Endoplasmic reticulum stress induced by tunicamycin causes time-dependent association of latent TGF-B1 and GRP78 and increased
TGF-B1 and collagen expression. A, Representative images showing that the interaction between latent TGF-B1 and GRP78 is increased after 24
hours of treatment of SEMF from normal ileum after induction of ER stress with tunicamycin (5 pg/mL). Co-immunofluorescent staining was per-
formed using antibodies recognizing latent TGF-31 and GRP78. Images represent the results of experiments using SEMF isolated from normal

ileum in 5 patients with fibrostenotic Crohn’s disease. B, Representative images showing that the interaction of latent TGF-31 and GRP increases in
time-dependent fashion in SEMF of normal ileum after induction of ER stress with tunicamycin (5 pg/mL). Images are of a single cell from 10 dif-
ferent locations on the same slide and are representative of the response of SEMF of normal ileum isolated from 5 different patients. C, Expression
of TGFB1 and COL 1AT increased in normal SEMF after treatment with tunicamycin (TM) for 24 hours. Transcript levels were measured by RT-PCR and
normalized to the expression of GAPDH. Results are expressed as mean + SEM. *Denotes P < 0.05 vs vehicle-treated cells.
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fibrostenotic and in B3 penetrating Crohn’s disease but not in ileum in B2 and B3 patients compared with SEMF of normal
Bl inflammatory disease (Fig. SA). The expression of miR- ileum in the same patient (Fig. 5B). Hybridization analysis
199a-5p was further diminished in the SEMF of affected ileum using TargetScan and results from others have shown that the
in B2 and B3 patients. The methylation state of miR-199a-5p ER stress chaperone GRP78 and the ER stress sensors ATF-
had the opposite pattern and was higher in SEMF of affected 6a, XBP1, and IREla were potential targets of regulation by
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FIGURE 4. Binding of ER stress sensors XBP1 and ATF-6a to the TGFBT promoter regulates its expression. DNA-binding affinity of ATF6a (Panel A)
and XBP1 (Panel B) for the TGFBT promoter was increased in SEMF isolated from the affected fibrostenotic ileum compared with normal ileum in
the same patient. Chromatin immunoprecipitation using genomic DNA extracted from SEMF was isolated from the normal and affected ileum in 5
patients with fibrostenotic Crohn’s disease. C, The transcriptional regulation of TGFBT gene expression by ATF-6a or XBP1 was measured by TGFB1
luciferase reporter assay. Normal SEMFs were cotransfected with siRNA ATF-6a or XBP1 or control scramble siRNA and TGFBT luciferase reporter for
24 hours, then further incubated with tunicamycin (5 pg/mL) for 16 hours (n = 3). Results are expressed as mean + SEM of 5 experiments using dif-
ferent patient samples.*Denotes P < 0.05 for normal vs affected ileum, or vehicle vs tunicamycin (TM) treatment.
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FIGURE 5. Silencing of miR-199a-5p activates ER stress in fibrostenotic Crohn’s disease. A, Expression of miR-199a-5p in SEMFs that were isolated
from normal ileum and affected ileum in the same patient with Montreal B1 inflammation, B2 stricturing, and B3 penetrating Crohn’s disease and
from non-Crohn's subjects (n = 3). B, Expression of methylated miR-199a-5p compared with unmethylated miR-199a-5p in SEMFs that were isolated
from the same patient with different phenotypes of Crohn’s disease (n = 3). C, Hybridization complementary binding sequence between the pro-
moter of ER stress genes GRP78, XBP1, and ATF6 and miR-199a-5p or miR-199a-5/214 cluster. D, Overexpression of miR-199a prevented tunicamycin-
induced upregulation of ER stress response and collagen production. Representative Western blot and densitometric analysis for GRP78, XBP1, ATF6,
and collagen 1A1 protein levels in SEMF of normal ileum in a patient with fibrostenosis after transfection of miR-199a-5p mimic or scrambled miR.
After transfection, ER stress was induced by treatment with tunicamycin (5pug/mL) for 16 hours. The B-actin was used as a loading control. Results
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miR-199a-5p (Fig. 5C).%>3¢ A 7Tmer-m8 sequence was identified
at position 345-351 of HSPAS5 (GRP78), a Tmer-Al sequence
was identified at position 186-192 of ATF6 (ATF6a), and a
Tmer-Al sequence was identified at 3’UTR region of XBPI
promoter by bioinformatic analysis.>> 3

Overexpression of miR-199a-5p in otherwise naive
SEMF isolated from fibrostenotic ileum inhibited endoge-
nous ER stress response, with a decrease in the protein levels
of GRP78, XBP1, and ATF6a (Fig. 5D). Overexpression of
miR199-5p also prevented activation of tunicamycin-induced
ER stress and the resultant increased collagen 1 production in
SEMF isolated from normal ileum (Fig. 5D).

Hypermethylation of CpG islands identified within the
pri-miR-199a gene are targets for DNMT1-mediated methyla-
tion and silencing.’” We have previously shown that DNMT]I
levels are significantly increased in SEMF of fibrostenotic ileum
compared with normal ileum.*® We examined whether the in-
crease in DNMT1 resulted in promoter hypermethylation that
could account for silencing of miR-199 in these cells. Treatment
of SEMF of fibrostenotic ileum where the pri-miR-199 gene was
hypermethylated and miR-199-5p expression was diminished
(Fig. 5A and B) with the demethylating agent 5’azacytidine
(5’Aza), restored miR-199a-5p expression (Fig. 6A). In these

cells, methylation of pri-miR-199 was reduced by 5’Aza treat-
ment (Fig. 6B). Restoration of miR-199-5p expression by
demethylation of pri-miR-199 in SEMF of fibrostenotic ileum
was accompanied by a decrease in TGFBI and COL 1 A1 expres-
sion (Fig. 6B and 6C). The role of DNMT1 in pre-miR-199a-5p
methylation was confirmed by siRNA-mediated knockdown
of DNMTI1 in SEMF of normal ileum before induction of ER
stress with tunicamycin (Fig. 6D). In SEMF where DNMT 1 was
knocked down, not only were DNMT1 levels diminished but the
increases in GRP78 and collagen 1A1 protein levels seen after
tunicamycin-induced ER stress were also abolished (Fig. 6D). In
summary, these data support the notion that DNMT1-mediated
hypermethylation and silencing miR-199a-5p in SEMF of
fibrostenotic ileum prevent ER stress activation and the re-
sultant increase in TGF-f1 and collagen 1 production.

Inhibition of GRP78 Reduces Profibrotic Factors
in Vitro

Endoplasmic reticulum chaperone proteins like GRP78
play a critical role in maintenance of intracellular homeostasis,
protecting cells from ER stress—induced cell damage. The role
of GRP78 in mesenchymal cells during the development of
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FIGURE 6. DNMT1 mediates the silencing of miR-199a-5p in fibrostenotic Crohn’s disease. A, Expression of miR-199a-5p increased in SEMF after treat-
ment with the DNMT1 inhibitor, 5'-Azacytidine (5'Aza, 5 pg/mL) for 16 hours. B, The ratio of methylated/unmethylated miR-199a-5p decreased in SEMF
from fibrostenotic ileum of patients treated with 5'Aza. C, Expression of TGFBT and COL 1A1 RNA transcripts were measured by qRT-PCR and decreased
in SEMF of fibrostenotic ileum after treatment with 5’Aza. D, Representative Western blot and densitometric analysis showing that in normal ileal SEMF
from patients with fibrostenosis knockdown of DNMTT1 resulted in lower GRP78 and collagen 1A1 production compared with SEMF transfected with
scramble siRNA. Results represent the mean + SEM of 5 to 6 experiments using normal SEMF isolated from 5 to 6 patients with fibrostenotic Crohn’s
disease. *Denotes P < 0.05 between vehicle and 5'Aza treated cells or between scramble siRNA and siRNA DNMT1 transfected cells. “Denotes P < 0.05
between scramble siRNA and scramble siRNA + tunicamycin (TM). **Denotes P < 0.05 between scramble siRNA + TM and siRNA DNMT1 + TM.
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fibrosis is largely unknown. To investigate the role of GRP78
in regulating profibrotic TGF-$1, we used a siRNA-mediated
knockdown of GRP78. Transfection with GRP78 siRNA de-
creased GRP78 levels in naive cells and abolished the ability
of tunicamycin-induced ER stress to increase GRP78 levels
(Fig. 7A).

Our data showing the interaction between GRP78 and la-
tent TGF-B1 and those of Oida® led us to hypothesize whether
this interaction was necessary for the activation of latent TGF-
p1. Here, we show that the increased transcriptional activity
of TGFBI that resulted from ER stress was abolished in the
cells transfected with siRNA GRP78 (Fig. 7B). Furthermore,
knockdown of endogenous GRP78 in SEMF of normal ileum
marginally diminished the levels of active TGF-p1 (Fig. 7C),
whereas the levels of both active and total (active + inactive)
TGF-p1 were abrogated in the cells after tunicamycin-induced
ER stress response (Fig. 7C). Taken together, these findings in-
dicate that induction of ER stress results in increased transcrip-
tion of TGFBI and increased activation of the latent TGF-$1,
the product of the TGFBI gene.

DISCUSSION
Endoplasmic reticulum stress compromises intestinal epi-
thelial barrier function and activates SEMF through interaction
between SEMF and epithelial cells and between luminal micro-
biota and surrounding immune cells.*® However, the role of ER
stress in SEMF during the development of intestinal fibrosis in
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patients with Crohn’s disease has not been investigated. To the
best of our knowledge, the current study is the first to provide
evidence that ER stress in SEMF could result in activation of
the fibrosis program in these cells. First, we show the presence of
an increased ER stress response in SEMF isolated from affected
ileum in patients with fibrostenotic Crohn’s disease. Secondly, we
demonstrated that the ER stress sensor protein GRP78 interacts
directly with latent TGF-B1 and increases its activation. Thirdly,
ER stress proteins XBP1 and ATF-6a act as transcription factors,
binding to the TGFBI promoter to increase TGFBI gene expres-
sion. We also demonstrated the epigenetic regulatory mechanism
that facilitates activation of ER stress. The DNMTI-mediated
hypermethylation of pre-miR199a-5p silences its expression,
thereby disinhibiting the ER stress response. Ultimately, these
processes contribute to in greater active TGF-31 and collagen 1
production in SEMF of strictured ileum.

The mechanisms regulating translocation of GRP7S,
along with bound latent TGF-B1 from the cytosol to the cell
membrane, are not fully understood. Conflicting evidence
has been presented to suggest that O-linked glycosylation of
GRP78 is necessary for translocation. One study has shown
that GRP78 required glycosylation to translocate from the cy-
toplasm to the cell membrane.® In contrast is evidence from
other investigators that shows the translocation of GRP78 was
not affected by mutation of the O-linked glycosylation site at
the C-terminus of GRP78 in their cultured cell lines.* What is
known is that deletion of the ER retrieval signal, the C-terminal
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FIGURE 7. Inhibition of GRP78 reduces TGFB1 transcription and TGF-B1 protein levels. A, Representative Western blot and densitometric anal-
ysis of GRP78 protein levels in SEMF of normal ileum after siRNA-mediated knockdown of GRP78 in the presence or absence of tunicamycin. B,
Tunicamycin-induced increase in TGFB1 transcription is abolished by siRNA-mediated knockdown of GRP78. C, Tunicamycin-induced increase
in active and total (active + latent) TGF-B1 is inhibited after siRNA-mediated knockdown of Grp78.TGFB1 transcriptional activity was measured
by luciferase reporter assay. Protein levels were measured using Western blot or ELISA. Results represent the mean + SEM of 5 to 6 experiments
using normal SEMF isolated from 5 to 6 patients with fibrostenotic Crohn’s disease. *Denotes P < 0.05 between scramble siRNA and scramble
siRNA + tunicamycin (TM). **Denotes P < 0.05 between scramble siRNA + tunicamycin (TM) and siRNA Grp78 + TM.
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KDEL motif in GRP78, increased the amount of GRP78 on
cell surface localization of GRP78 compared with intracellular
protein, presumably by inhibiting GRP78 recycling.*

Epigenetic control of gene expression is exerted through
modification of DNA regulatory elements or enhancers that
induce transition of condensed heterochromatin, where gene
transcription is inhibited by histone modifications and DNA
methylation, to euchromatin, where genes are accessible to
transcription factors and regulation of gene transcription.
Nucleosome position also regulates this process. Noncoding
RNA, both microRNA and long noncoding RNA, play a role
in the regulation of physiological and pathophysiological re-
sponses by post-transcriptional regulation of gene expression.
Epigenetic mechanisms are emerging as key mediators of the
effects of both genetics and the environment on gene expression
and disease. In addition to a set of inherited epigenetic marks,
there are likely nonheritable epigenetic marks that are more dy-
namic and change in response to environmental stimuli. The
role of epigenetics in the regulation of fibrosis is increasingly
demonstrated in the studies from a variety of organs including
lung, kidney, liver, skin, and intestine.*"*

In this study, we show that DNMTI1 silences miR-
199a-5p by promoter hypermethylation, thereby preventing it
from inactivating the ER stress response. This has 2 reinforcing
effects. First, as ATF6a and XBP1 are targets of miR-199a-5p,
it allowed increased ATF6a-dependent and XBP1-dependent
TGFBI transcription and increased the resulting latent TGF-
Pl expression. Second, it resulted in increased association
of GRP78 with latent TGF-B1 and facilitated excess activa-
tion of TGF-B1. Reversal of miR-199a-5p silencing by the
demethylating agent 5’Aza resulted in lower TGF-f31 and col-
lagen lal. Studies in activated murine hepatic stellate cells have
provided complementary results showing that connective tissue
growth factor (CCN) 2, a-smooth muscle actin and collagen1A1
were suppressed by expression of a miR-199a-5p mimic.#

In summary, our study has provided evidence for the in-
duction of ER stress in SEMF of fibrostenotic ileum in patients
expressing a Montreal B2 phenotype of Crohn’s disease. Our
results also indicate that the ER stress response in ileal SEMF
is in part the result of DNMT1-dependent silencing of miR-
199a-5p, which ultimately results in enhanced expression of
TGF-B1 and collagen lal in these cells. Both TGF-1 and col-
lagen lal are key drivers of fibrosis in the intestine. Targeting
this mechanism of ER stress activation in patients susceptible
to fibrostenotic Crohn’s disease may represent a novel thera-
peutic approach for these patients.
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