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The corticotropin-releasing hormone family mediates functional responses in many organs, including
the intestine. Activation of corticotropin-releasing hormone receptor 2 (CRHR2) in the colonic mucosa
promotes inflammation during acute colitis but inhibits inflammation during chronic colitis. We
hypothesized that specific modulation of CRHR2 signaling in the colonic mucosa can promote resto-
ration of the epithelium through stimulation of cell proliferative, migratory, and wound healing
responses. Mucosal repair was assessed after dextran sodium sulfate (DSS)-induced colitis in mice
receiving intracolonic injections of a CRHR2 antagonist or vehicle and in Crhr2�/� mice. Histologic
damage, cytokine expression, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling,
and Ki-67 immunoreactivity were evaluated. Cell viability, proliferation, and migration were compared
between parental and CRHR2-overexpressing colonic epithelial cells. Protein lysates were processed for
phosphoprotein assays and a wound healing assay performed in vitro. Administration of a CRHR2
antagonist after DSS-induced colitis increased disease activity, delayed healing, and decreased
epithelial cell proliferation in vivo. Colons from these mice also showed increased apoptosis and
proinflammatory cytokine expression. Compared with controls, Crhr2�/� mice showed increased mor-
tality in the DSS healing protocol. CRHR2-overexpressing cells had increased proliferation and migration
compared with parental cells. Wound healing and signal transducer and activator of transcription 3
activity were elevated in CRHR2-overexpressing cells after urocortin 2 and IL-6 treatment, suggesting
advanced healing progression. Our results suggest that selective CRHR2 activation may provide a
targeted approach to enhance mucosal repair pathways after colitis. (Am J Pathol 2016, 186: 134e144;
http://dx.doi.org/10.1016/j.ajpath.2015.09.013)
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Corticotropin-releasing hormone (CRH), the primary medi-
ator of the stress response, is expressed in both the central
nervous system and periphery, including the intestine. The
CRH family of peptides interacts with a variety of cell types
in the intestinal mucosa, including epithelial cells, enteric
neurons, and immune cells.1 In addition to CRH, three
distinct peptides known as urocortins (Ucn1, Ucn2, and
Ucn3) bind to two types of G protein-coupled receptors to
exert their effects, CRH receptor (CRHR)1 and CRHR2.2e4

Ligand specificity for CRHR1 and CRHR2 differs among the
CRH peptides, because CRH binds to CRHR1 with greater
affinity than to CRHR2. In contrast, Ucn1 has greater affinity
for CRHR2 than CRHR1, and Ucn2 and Ucn3 bind
stigative Pathology.
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exclusively to CRHR2.3 Interactions between CRH receptors
and their ligands modulate several functional and patho-
physiologic responses within the gut, including stress-
induced alterations in motility, ion secretion, and visceral
pain,5 and the development and maintenance of intestinal
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CRHR2 and Colonic Mucosal Repair
inflammation.6e9 However, no studies to date implicate the
CRH peptide family or their receptors in mucosal repair after
colitis.

Mucosal repair of the intestinal barrier is a tightly coordinated
response to injury that preserves homeostasis and limits the
adverse effects of inflammation. After damage to the epithe-
lium, intestinal epithelial cells migrate to the site of injury in a
critical process known as epithelial restitution.10e12 Restitution
is followed by epithelial cell proliferation and differentiation
and is regulated by factors that promote cell viability and limit
apoptosis.11,13 Inflammatory bowel disease (IBD) is a chronic
relapsing inflammatory disorder that involves a defective
epithelial barrier.14 Studies from our laboratory and others have
found increased expression of CRHR2 and its ligands in
mucosal biopsies from patients with IBD.15e17 Our previous
animal studies also found a dual role for CRHR2 in the path-
ophysiology of intestinal inflammation, because CRHR2
signaling exerts proinflammatory effects during acute colitis18

yet confers protective actions during chronic inflammation.9

Furthermore, CRH-deficient mice are unable to initiate heal-
ing responses after acute experimental colitis,19 suggesting a
role for the CRH peptide family in mucosal repair mechanisms.

On the basis of this evidence, we developed the hypothesis
that CRHR2-dependent pathways contribute to intestinal
mucosal repair and healing after acute intestinal inflammation.
The overall aim of the present investigation was to determine
whether specific modulation of CRHR2 signaling in the colonic
mucosa can limit inflammation and promote restoration of the
epithelial barrier through stimulation of mucosal repair re-
sponses after colitis. To accomplish this, we evaluated CRHR2
signaling in colonic epithelial cells in vitro and compared in-
flammatory and wound healing responses in wild-type and
CRHR2 knockout (Crhr2�/�) mice in vivo. Studies in wild-
type mice injected intracolonically with the selective CRHR2
antagonist, Astressin 2B (Ast2B), were also performed. Our
results indicate that selective activation of CRHR2 in the
intestinal epithelium after active inflammation can promote
migratory, proliferative, and antiapoptotic signaling responses
mediated by an IL-6/signal transducer and activator of
transcription 3 (STAT3)edependent pathway. Thus, CRHR2
may represent a novel therapeutic target to promote mucosal
repair after colitis.

Materials and Methods

Animals

Male CD-1(ICR) mice 8 to 10 weeks of age were purchased
from Charles River Laboratories (Wilmington, MA), and
Crhr2�/� mice were originally obtained as a gift from the
laboratory of Dr. Wylie W. Vale (Salk Institute, La Jolla, CA)
and backcrossed on a C57BL/6 background (>N10). Wild-type
and Crhr2�/� littermates were derived from subsequent
heterozygous breeding in the Division of Laboratory Animal
Medicine at the University of California, Los Angeles. Mice
were housed two to four per cage, maintained on a 12:12 hour
The American Journal of Pathology - ajp.amjpathol.org
light-dark cycle, and given access to food and water ad libitum.
After all in vivo experiments, mice were euthanized by carbon
dioxide inhalation and cervical dislocation, and the distal colons
were removed for further study. Animal protocols were
approved by the Institutional Animal Care and Use Committee
and the Office of Animal Research Oversight at University of
California, Los Angeles.

Model of Mucosal Repair after DSS Colitis

To induce colitis, dextran sodium sulfate (DSS; 4% w/v; MP
Biomedicals, Irvine, CA) was dissolved in tap water, and mice
were given access ad libitum for 5 days. On days 5 to 14, mice
were switched to water alone. On days 5 to 14, mice were
injected daily with vehicle or the CRHR2 antagonist Ast2B
administered intraperitoneally (200 mL of 30 mg/kg) or intra-
colonically (100 mL of 30, 15, or 7.5 mg/kg). Mice were
weighed and monitored daily and euthanized on day 14.
Severity of colitis was assessed by weight loss and determi-
nation of clinical20 and histological21 damage scores as pre-
viously described. Briefly, clinical scores were calculated on a
scale of 0 to 3 for degree of weight loss, bleeding, stool con-
sistency, and presence of rectal prolapse on day 14. Sections of
colon fixed in 10% formalin, paraffin-embedded, and stained
with hematoxylin and eosin were used for histological scoring.
Scoring was performed by two independent investigators
(J.M.H., J.J.R.) blinded to the treatment conditions, and their
resulting scores were averaged. Scores were assigned on
the basis of the degree of crypt damage (0 to 4), poly-
morphonuclear neutrophil infiltrate (0 to 3), erosion (0 to 3),
edema (0 to 3), and epithelial regeneration (0 to 3).21

Immunohistochemistry and Imaging

Formalin-fixed, paraffin-embedded colons were sectioned (5
mm) and immunostained with a Ki-67 antigen (dilution 1:100;
M7249; Dako, Carpinteria, CA) or terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) with the Apop-
Tag Plus Peroxidase in situ apoptosis detection kit (S7101;
EMD Millipore, Temecula, CA) according to the manufac-
turer’s instructions. To quantify Ki-67 immunoreactivity and
TUNEL, pixel-based quantification of staining intensity was
performed with an AxioImager.Z1 microscope equipped with
AxioVision software version 4.6 (Zeiss, Jena, Germany).
Stained sections were observed under a 20� objective lens.
Digital images were collected with AxioCam, and the densi-
tometric sum was calculated with the AutoMeasure module to
avoid selection bias or interobserver effects.

Experimental Compounds and Cell Culture Conditions

Ast2B, CRH, IL-6, and tumor necrosis factor (TNF)-a were
purchased from Bio-Techne (Minneapolis, MN). Ucn2 was
purchased from Bachem (Bubendorf, Switzerland). Ast2B
and Ucn2 were initially dissolved in dimethyl sulfoxide
(Sigma-Aldrich, St. Louis, MO) and used at final
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concentrations of �0.75% dimethyl sulfoxide. For in vitro
experiments, we used the human colonic mucosal epithelial
cell line, NCM460 (INCELL Corporation, LLC, San
Antonio, TX) derived from normal human colonic mucosa22

because these cells are less differentiated than cancer cell
lines commonly used in the literature. Cells were incubated
at 37�C with 5% CO2 in M3:D culture media (INCELL
Corporation) supplemented with 10% (v/v) heat-inactivated
fetal bovine serum, 10 U/mL penicillin, and 100 mg/mL
streptomycin (Gibco, Carlsbad, CA).

Lentiviral Transductions

Construction of CRHR2-expressing lentivirus and stable
cell transduction were performed as previously described.23

Briefly, NCM460 cells were infected with MCS-IRES-
Strawberry-hPGK-Puro lentiviral particles that contained a
cytomegalovirus promoter driving expression of human
Crhr2 (A0634; GeneCopoeia, Rockville, MD) or empty
vector control (EV). Selection of transduced clones was
performed in culture media that contained 10 mg/mL puro-
mycin (Sigma, Natick, MA). Only highly fluorescent cell
clones were used in subsequent experiments, and CRHR2
induction was confirmed by real-time quantitative PCR.

Transient Knockdown of CRHR2 and STAT3

NCM460 cells were seeded in 6-well plates at a concen-
tration of 3 � 105 cells/well in 1.8 mL complete medium.
Transfection mix was prepared by diluting 50 nmol/L
Silencer Select CRHR2 or STAT3 siRNAs and Lipofect-
amine RNAiMAX reagent (Life Technologies, Grand
Island, NY) in 200 mL OptiMEM, according to the manu-
facturer’s instructions. The mix was added immediately into
the cell suspension contained in each well. The transfection
was repeated after 24 hours. Forty-eight hours after initial
transfection, cells were harvested, and silencing was verified
with real-time quantitative PCR.

Real-Time Quantitative PCR

The RNeasy Mini Kit (Qiagen, Valencia, CA) was used to
extract RNA from colonic tissue or cultured cells, and comple-
mentary DNAwas generated by a reverse-transcriptase reaction
using reagents from Promega (Madison, WI). An Applied
Biosystems 7500 Fast Real-time PCR System was used with
Fast Universal PCR Master Mix and validated TaqMan Gene
Expression Assays (Applied Biosystems, Foster City, CA) for
TNF-a (Mm00443258_m1), IL-6 (Mm00446190_m1), IL-6
signal transducer (Mm00439665_m1), CXCL-1 (Mm04
207460_m1), CRHR2 (Mm00438303_m1, Hs00266401_m1),
Ucn2 (Mm01227928_s1), and STAT3 (Hs01047580_m1).
Resulting datawere calculatedwith the 2-DDCtmethod, and the
level of mRNA expression was normalized to Rn18S
(Mm04277571_s1, Hs99999901_s1). Expression of Rn18S
was consistent across the conditions studied.
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Multiplex Cytokine Immunoassays

Multiplex protein expression arrays were performed on
protein lysates derived from our mouse experiments with
the use of the ProcartaPlex Mouse Essential Th1/Th2
Cytokine Panel (eBioscience, Inc., San Diego, CA). Total
protein was determined via the Pierce BCA Protein Assay
kit (Life Technologies), and 20 mg protein from each sample
was loaded in duplicate and run on the BioPlex 3D Sus-
pension Array System (Bio-Rad, Hercules, CA) according
to the manufacturer’s instructions.

Western Blot Analysis

Western blot analysis in protein lysates derived from our
CRHR2-overexpressing and EV cell lines was performed
with the Odyssey infrared imaging system (LI-COR Bio-
sciences, Lincoln, NE). Briefly, 60 mg total protein lysates
were loaded in 10% SDS-PAGE and transferred to
Immobilon-FL polyvinylidene difluoride membranes (EMD
Millipore, Temecula, CA). Membranes were blocked in
Pierce Protein-Free phosphate-buffered saline blocking
buffer (Life Technologies) for 1 hour at room temperature.
Rabbit p-STAT3 (Tyr705), p-p44/p42 (extracellular signal-
regulated kinase 1/2), and glyceraldehyde-3-phosphate de-
hydrogenase primary antibodies (Cell Signaling Technology,
Danvers, MA) were diluted 1:1000 in blocking buffer supple-
mented with 0.2% Tween 20 and incubated with membranes
overnight at 4�C. Anti-rabbit IRDye secondary antibody was
diluted 1:15,000 and incubated with membranes for 1 hour at
room temperature. After washes, fluorescent signals were
analyzed with Image Studio Odyssey LI-COR software version
2.1 (LI-COR Biosciences).

xCELLigence Real-Time Cell Analysis

To assess NCM460 cell proliferation and migration we used
a label-free real-time cell analysis platform (xCELLigence;
Roche Applied Science, Indianapolis, IN) as previously
described.24 For cell proliferation, 100 mL complete culture
medium was added to each well of an E-plate 96 at room
temperature. The E-plate 96 was connected to the system,
and background impedance was measured over 24 seconds.
CRHR2-overexpressing and EV cells were resuspended in
complete culture medium and adjusted to 10,000 cells/mL,
which was determined as the optimal seeding concentration.
Resuspended cells (100 mL) were added to the E-plate 96
medium-containing wells. After 30 minutes of incubation at
room temperature, the plate was placed into the cell culture
incubator. Approximately 24 hours after seeding, when the
cells were in the log growth phase (cell index > 0.5), 100
mL medium was removed from each well and replaced with
100 mL complete medium that contained Ucn2 or CRH,
Ast2B, or the combination. Controls received medium only.
Cell proliferation was monitored every 15 minutes for
72 hours via the incorporated sensor electrode array of the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 Inhibition of CRHR2 delays recovery from colitis in vivo. Mice received 4% DSS for 5 days, followed by 10 days of water. Percentage of initial weight
loss (A) and clinical scores (B) were calculated on day 14 from DSS-treatedmice that received daily injections of 30 mg/kg Ast2B or vehicle i.p. daily from days 5 to
14. C: Kaplan-Meier survival curve for mice treated with 30 mg/kg Ast2B or vehicle daily from days 5 to 14. Percentage of initial weight loss (D) and clinical score
(E) were calculated on day 14 from DSS-treated mice that received daily injections of 15 or 7.5 mg/kg Ast2B or vehicle i.c. daily from days 5 to 14. F: Kaplan-Meier
survival curve for DSS-treated Crhr2 KO mice and WT littermates. Data are expressed as means� SEM. nZ 8 to 10 mice per group. *P< 0.05, **P< 0.01 versus
vehicle-treated controls. Ast2B, astressin 2B; CRHR2, corticotropin-releasing hormone receptor 2; DSS, dextran sodium sulfate; i.c., intracolonic; KO, knockout;
WT, wild-type.

CRHR2 and Colonic Mucosal Repair
E-Plate 96. Electrical impedance was measured with the
xCELLigence system software version 1.2.1 as a dimen-
sionless parameter termed cell index, which is directly
correlated to the proportion of the plate surface occupied by
adherent cells.25 Proliferation rate is determined by calcu-
lating the slope of the line between two time points during
the assay.

The rate of CRHR2-overexpressing and EV cell migra-
tion was also monitored in real time with the xCELLigence
system (CIM-plate 16). Cells were serum-starved for 24
hours before the experiment. Complete culture medium (160
mL) was added into the lower chamber of the CIM-plate 16
and serum-free medium (50 mL) into the upper chamber.
The plate was inserted into the platform and incubated for 1
hour. Meanwhile, dilutions of 1 � 106 cells/mL were pre-
pared in serum-free medium that contained Ucn2, Ast2B, or
the combination. Cell suspensions (100 mL) were added to
each well of the upper chamber, and the impedance value of
each well was monitored by the xCELLigence system for 50
hours, and data were expressed as a cell index value.
Migration rate is determined by calculating the slope of the
line between two time points during the assay.
Determination of Cell Viability

For viability assays, cells were plated in 96-well plates at
5000 cells/well. Cells were treated 24 hours later with 0.1
mmol/L Ucn2� 50 ng/mL recombinant human TNF-a. After
48 hours, cells were lyzed with CellTiter-Glo Luminescent
Cell Viability Assay reagent (Promega), and luminescence
was read on a plate reader (PerkinElmer, Waltham, MA).
Percentage of cell viability was calculated relative to Ucn2-
treated EV cells.
The American Journal of Pathology - ajp.amjpathol.org
In Vitro Scratch Assay

CRHR2-overexpressing and EV cells were serum-starved
overnight, plated in 100-mm petri dishes, and grown to 90%
confluence before scratch assay, as previously described.26

Briefly, the cell monolayer was scratched with a sterile
200-mL pipette tip to simulate a wound, and the edge of the
scratch was rinsed gently with serum-free medium. Cells
were treated with 0.1 mmol/L Ucn2, 15 ng/mL recombinant
human IL-6, or the combination supplemented in serum-
free medium. Images were captured at �5 magnification
at 0 and 48 hours with the use of an AxioImager.Z1
microscope. Pixel-based quantification of total wound
area (Densitometricarea [Pixel2]) was performed with the
AutoMeasure module (AxioVision version 4.6; Zeiss).

Statistical Analysis

Statistical analyses were performed with GraphPad Prism
version 5.0a (GraphPad Software, La Jolla, CA). Differences
were determined by unpaired t-test, one-way analysis of
variance, or a two-way analysis of variance with Bonferroni’s
posttest. Difference in survival was analyzed by Kaplan-
Meier plot. P < 0.05 was considered to be statistically
significant. Data presented are means � SEM.

Results

Inhibition of CRHR2 Signaling in the Colonic Mucosa
during the Repair Phase of DSS Colitis Inhibits
Recovery from Intestinal Inflammation

We first assessed the involvement of CRHR2 signaling in
mucosal repair after colitis in vivo, by administering the
137
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Figure 2 Targeted inhibition of CRHR2 signaling in the colonic mucosa after DSS colitis exacerbates histological damage scores. Colon length (A) and
representative H&E-stained sections (B) on day 14 from DSS-treated mice that received Ast2B or vehicle via daily i.c. injections after DSS colitis. Quantification
of total histological damage score (C), crypt damage score (D), PMN infiltrate (E), and epithelial regeneration (F) at day 14. Data are expressed as means �
SEM. n Z 8 mice per group. *P < 0.05 versus vehicle-treated controls. Scale bar Z 100 mm. Ast2B, astressin 2B; CRHR2, corticotropin-releasing hormone
receptor 2; DSS, dextran sodium sulfate; H&E, hematoxylin and eosin; i.c., intracolonic; PMN, polymorphonuclear.
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CRHR2 antagonist Ast2B to mice after induction of DSS
colitis. Mice received either an intraperitoneal (Figure 1A) or
intracolonic (Figure 1D) injection of Ast2B or vehicle once
daily for 10 days after withdrawal of DSS, and health status,
weight loss, and disease activity were monitored. Mice
receiving intraperitoneal injections of Ast2B lost more
weight (n Z 8 per group; P < 0.01) (Figure 1A) and had
higher clinical scores (2.125� 0.7425 versus 4.25� 0.0284;
n Z 8 per group; P < 0.05) (Figure 1B) than vehicle-treated
controls. To more effectively target the colonic mucosa, we
administered Ast2B intracolonically in a separate set of mice.
Our initial results with a dose of 30 mg/kg are shown in the
survival curve in Figure 1C (n Z 8 per group; P < 0.01).
Subsequent groups of mice received injections of 15 mg/kg
and 7.5 mg/kg, and weight loss and clinical scores are shown
in Figure 1, D and E (nZ 8 per group). Because the 15-mg/kg
dose yielded differences in disease activity (P < 0.05) and
morbidity (P< 0.01) compared with vehicle-treated controls,
this dose was used for all further experiments.Crhr2�/�mice
were used to assess the effect of genetic deletion of Crhr2 in
the mucosal repair protocol (Figure 1F). By day 12 of the
protocol, only 2 of the 10 Crhr2�/� mice survived (20%),
whereas only one (90% survival) of the wild-type littermates
became moribund and was sacrificed (n Z 10 per group;
P < 0.01).

Analysis of colons from mice that received injections of 15
mg/kg Ast2B revealed shorter colon length than vehicle-treated
controls, indicating that CRHR2 inhibition leads to persistence
of DSS colitis at day 14 (8.225 � 0.3092 cm versus
7.4 � 0.1439 cm; n Z 8 per group; P < 0.05) (Figure 2A).
Histological analysis of hematoxylin and eosinestained sec-
tions revealed that mice treated with 15 mg/kg Ast2B had more
severe colitis and a higher overall damage score (5.25� 0.6597
versus 7.906 � 0.6123; n Z 8 per group; P < 0.05)
(Figure 2, B and C) than vehicle-treated controls.
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Individual components of the damage score, including
crypt damage (1.313 � 0.2444 versus 2.188 � 0.2577;
n Z 8 per group; P < 0.05) (Figure 2D), poly-
morphonuclear leukocyte infiltration (1.5 � 0.2165 versus
2.094 � 0.1632; n Z 8 per group; P < 0.05) (Figure 2E),
and epithelial regeneration (1.031 � 0.09952 versus
1.688 � 0.1687; n Z 8 per group; P < 0.01) (Figure 2F),
were all increased in mice that received intracolonic in-
jections of Ast2B compared with vehicle-treated controls.

Inflammation-Induced Increases in Proinflammatory
Cytokine Production Persist after Inhibition of CRHR2
Signaling during the Mucosal Repair Phase of DSS
Colitis

To assess the effects of CRHR2 inhibition on proinflammatory
cytokine expression, real-time quantitative PCR was per-
formed in full-thickness samples taken from the distal colons
of mice that received intracolonic injections of Ast2B or
vehicle after DSS colitis. We found that colonic TNF-a,
CXCL-1, and IL-6 mRNA levels were elevated in mice treated
with intracolonic Ast2B (n Z 8 per group; P < 0.05)
(Figure 3, A, C, and E). Protein expression levels of TNF-a
and IL-6 (nZ 6 per group; P< 0.05) (Figure 3, B and D) also
increased after administration of Ast2B, whereas the anti-
inflammatory cytokines IL-4, IL-5, and IL-12 remained un-
changed (data not shown). Transcript levels for the IL-6 signal
transducer (gp130) also increased in mice that received intra-
colonic Ast2B (n Z 8 per group; P < 0.05) (Figure 3F). To
assess whether Ast2B treatment had any effect on CRHR2
signaling during the course of our treatment paradigm, we
determined CRHR2 and Ucn2 mRNA expression. CRHR2
mRNA levels were unchanged (2.874 � 0.7547 versus
2.930 � 0.3204; n Z 8 per group; P Z 0.9467), yet Ucn2
levels increased as a result of Ast2B treatment, suggesting that
ajp.amjpathol.org - The American Journal of Pathology
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Figure 3 Proinflammatory cytokine mRNA expression increases after
CRHR2 inhibition during recovery from DSS colitis. mRNA levels are elevated
for TNF-a (A), IL-6 (C), CXCL1 (E), and the signal-transducing subunit of
the IL-6 receptor (F) in mice injected intracolonically with Ast2B
compared with vehicle-treated controls. Protein expression levels (in
pg/mL) of TNF-a (B) and IL-6 (D) are also increased. G: CRHR2 mRNA
expression is unchanged as a result of Ast2B injections, whereas tran-
scripts for Ucn2 (H) are increased compared with controls. Data are
expressed as means � SEM. n Z 6 to 8 mice per group. *P < 0.05,
**P < 0.01, and ***P < 0.001 compared with vehicle-treated controls.
Ast2B, astressin 2B; CRHR2, corticotropin-releasing hormone receptor 2;
DSS, dextran sodium sulfate; ST, signal transducer; TNF, tumor necrosis
factor; Ucn2, urocortin 2.

CRHR2 and Colonic Mucosal Repair
inhibition of the receptor leads to up-regulation of its ligand
within the colonic mucosa (5.302 � 1.201 versus
11.40 � 1.957; n Z 8 per group; P < 0.05) (Figure 3, G
and H). These findings suggest that mucosal CRHR2
signaling promotes mucosal repair mechanisms and the
resolution of intestinal inflammation.

CRHR2 Stimulation Enhances Colonic Epithelial Cell
Viability

We next determined the effect of CRHR2 signaling on
TNF-aeinduced cell death. EV cells treated with TNF-a
displayed reduced cell viability compared with untreated
cells (100 � 4.608 versus 78.88 � 2.814; n Z 3 per group;
P < 0.05) (Figure 4A). This effect was inhibited in CRHR2-
overexpressing cells treated with TNF-a (78.88 � 2.814
The American Journal of Pathology - ajp.amjpathol.org
versus 101.2 � 1.837; n Z 3 per group; P < 0.05),
suggesting that increased levels of activated CRHR2 can
promote intestinal epithelial cell viability.

To assess the effects on cell viability in our in vivo
model, we also measured TUNELþ cells in colonic tissue
sections from mice that had received intracolonic in-
jections of Ast2B during the recovery phase of DSS colitis.
TUNEL increased by 55% in Ast2B-treated mice
compared with vehicle controls (8.212e9 � 1.180e9 versus
1.273e10 � 1.019e9; n Z 8; P < 0.05) (Figure 4, B and C),
indicating increased levels of apoptosis, further supporting
the concept that CRHR2 promotes mucosal healing and pro-
tects against programed cell death during recovery from active
inflammation.

CRHR2 Stimulation Promotes Colonic Epithelial Cell
Proliferation in Vivo and in Vitro

Colonic epithelial cell proliferation is an important feature
of mucosal repair that starts within hours to days after injury
to the epithelium.11 To assess the effect of CRHR2 signaling
on epithelial cell proliferation, we created CRHR2-
overexpressing NCM460 cells. We then monitored cell
proliferation in real time and found that Ucn2 or CRH
treatment produced cell proliferatory responses that were
more potent in CRHR2-overexpressing cells than in EV
cells (n Z 3) (Figure 5, A and B). These effects occurred in
the absence of exogenously administrated Ucn2, suggesting
that low endogenous ligand levels are sufficient for CRHR2
activation. Furthermore, cell proliferation was enhanced
after exposure to Ucn2 in a dose-dependent manner. To
confirm the specificity of the results on cell migration, cells
were pretreated with Ast2B before stimulation with Ucn2,
and the effects were attenuated (n Z 3) (Figure 5, A and B).

To confirm our in vitro results in an in vivo setting we
measured intestinal epithelial cell proliferation in sections from
our mouse mucosal repair model by immunostaining for
Ki-67, a nuclear marker of cell proliferation. Ki-67 staining
was decreased by 74.9% in Ast2B-treated mice compared with
vehicle controls (7.154e9� 2.080e9 versus 2.061e9� 3.654e8;
n Z 8 per group; P < 0.05) (Figure 5, C and D), further
suggesting increased cell proliferation.

CRHR2 Stimulation Promotes Colonic Epithelial Cell
Migration in Vitro

Cell migration represents an early response during wound
healing in which epithelial cells migrate to the site of injury
in an effort to restore barrier function after mucosal dam-
age.27 To assess the effect of CRHR2 signaling on epithelial
cell migration, we performed xCELLigence real-time cell
analysis and found that Ucn2 treatment for 48 hours dose-
dependently increased single-cell migration, and these ef-
fects were more potent in CRHR2-overexpressing NCM460
cells than in EV cells (n Z 3) (Figure 6A). As was seen for
cell proliferation, these effects also occurred in the absence of
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Figure 4 Stimulation of CRHR2 enhances colonic epithelial cell viability. A: CRHR2-overexpressing NCM460 cells are protected against TNF-aeinduced
decreases in cell viability. B: Quantification of TUNEL. C: Representative images from TUNEL sections. Data are expressed as means � SEM. n Z 3 wells per
group (A); n Z 8 mice per group (B). *P < 0.05. Scale bar Z 100 mm. Ast2B, astressin 2B; CRHR2, corticotropin-releasing hormone receptor 2; EV, empty
vector; TNF, tumor necrosis factor; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling.
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exogenously administrated Ucn2, and migration was attenu-
ated after pretreatment with Ast2B (n Z 3) (Figure 6A).

To assess the effects of multi-cell interactions during
epithelial cell migration, we plated CRHR2-overexpressing
NCM460 cells and monitored wound healing with the use of
the in vitro scratch assay model. After scratching of the
epithelial cell monolayer, cell migration from the edge of
the site of injury was imaged in real time. On the basis of the
rationale that the addition of IL-6 would mimic the proin-
flammatory environment that we observed in vivo, and IL-6/
STAT3 activation has been shown to promote migration and
activation of downstream targets involved in wound healing
in other cell types, including biliary28 and corneal29

epithelial cells, cells were treated with Ucn2, IL-6, or the
combination. CRHR2-overexpressing NCM460 cells treated
with IL-6 and Ucn2 showed faster healing of wounded re-
gions compared with control cells on day 2 by pixel-based
quantification of total wound area (43,419 � 8891 pixel2

versus 288,010 � 38,760 pixel2; n Z 3; P < 0.05)
(Figure 6, B and C), suggesting that activation of CRHR2
can promote epithelial cell restitution in the presence of
140
IL-6. In addition, and on the basis of prior evidence for an
Ucn2-STAT3 association,30 we hypothesized that CRHR2
signaling may stimulate STAT3 activation, resulting in
increased epithelial cell migration to promote efficient
mucosal healing. To address this hypothesis, we exposed
CRHR2-overexpressing and EV cells to 15 ng/mL IL-6þ 0.1
mmol/L Ucn2 or vehicle for 30 minutes and measured
pSTAT3 levels by Western blot analysis. CRHR2-
overexpressing cells had higher STAT3 activity in response
to IL-6 and Ucn2 treatment than EV cells (Figure 6D). No
change was observed in p44/42 (extracellular signal-regulated
kinase 1/2) at 30 minutes (data not shown). These findings
suggest that CRHR2 signaling may regulate IL-6emediated
STAT3 activation in intestinal epithelial cells.
To further confirm the specificity of the in vitro find-

ings, we silenced expression of CRHR2 or STAT3 in
CRHR2-overexpressing NCM460 cells with the use of
siRNA transfection and stimulated them with 15 ng/mL
IL-6 þ 0.1 mmol/L Ucn2. Colonic epithelial cell migration
and proliferation were inhibited after CRHR2 knockdown
(Figure 7, A and C), consistent with our findings after
Figure 5 Stimulation of CRHR2 promotes
colonic epithelial cell proliferation. A and B: Human
CRHR2-transfected NCM460 cells (CRHR2) and EV
transfected cells were stimulated with varying con-
centrations of Ucn2 (A) or CRH (B) with or without
pretreatment of 1 mmol/L Ast2B, and proliferation
was assessed with the use of the slope (1/h) of data
collected with the xCELLigence software. C:
Representative images from Ki-67 immunoreac-
tive sections. D: Quantification of Ki-67 immu-
nohistochemistry with the use of pixel-based
densitometry. Data are expressed as means �
SEM. n Z 3 wells per group (A); n Z 8 mice per
group (D). *P < 0.05 compared with vehicle-
treated controls; ***P < 0.001 versus EV con-
trols; yyyP < 0.001 versus Ucn2 or CRH treatment
of CRHR2 cells alone. Scale bar Z 100 mm.
Ast2B, astressin 2B; CHR, corticotropin-releasing
hormone; CRHR2, corticotropin-releasing hormone
receptor 2; EV, empty vector; Ucn2, urocortin 2.
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Figure 6 Stimulation by CRHR2 promotes
colonic epithelial cell migration. A: Human CRHR2-
transfected human colonic mucosal epithelial
NCM460 cells (CRHR2) and EV transfected cells
were stimulated with varying concentrations of
Ucn2 with or without pretreatment of 1 mmol/L
Ast2B, and migration was assessed with the slope
(1/h) of data collected with xCELLigence software.
B: Representative micrographs from CRHR2-
overexpressing (CRHR2þ) or EV cells treated with
IL-6, Ucn2, or the combination after scratch assay
at 0 and 48 hours. C: Pixel-based quantification of
total wound area after scratch assay. D: Ucn2 and
IL-6einduced STAT3 phosphorylation (Tyr705) in
EV and CRHR2-overexpressing NCM460 cells, as
assessed by Western blot analysis. Data are
expressed as means � SEM. n Z 3 wells per group.
**P < 0.01, ***P < 0.001 versus control-treated
cells on day 0; yyP < 0.01 versus Ucn2 treatment
alone; yyyP < 0.001 versus Ucn2-treated EV cells;
zzP < 0.01 versus Ucn2-treated CRHR2 cells;
zzzP < 0.001 versus Ucn2-treated CRHR2 cells.
Ast2B, astressin 2B; CON, control; CRHR2,
corticotropin-releasing hormone receptor 2; EV,
empty vector; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase; M, molar concentration; pSTAT3,
phosphorylated STAT3; STAT3, signal transducer
and activator of transcription 3; Ucn2, urocortin 2.
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pharmacologic inhibition of CRHR2 signaling with Ast2B.
Similarly, STAT3 silencing attenuated the migratory
response, further supporting the involvement of the
STAT3 survival pathway in our CRHR2-mediated effects
on mucosal repair (Figure 7, B and D).
Figure 7 Down-regulation of CRHR2 or STAT3 by siRNA inhibits colonic
epithelial cell migration and proliferation. Cell migration was assayed by the
slope (1/h) of data collected with xCELLigence in CRHR2-overexpressing
NCM460 cells transfected with siRNA against CRHR2 (A), STAT3 (B), or siCTL
after stimulation with 0.1 mmol/L Ucn2 and IL-6. C and D: Cell proliferation
was measured with the slope (1/h) of data collected with xCELLigence in
CRHR2 (C), STAT3 (D), or siCTL siRNA transfected CRHR2-overexpressing
NCM460 cells after stimulation with 0.1 mmol/L Ucn2 and IL-6. Data are
expressed as means � SEM. n Z 2 wells per group. **P < 0.01,
***P < 0.001. CRHR2, corticotropin-releasing hormone receptor 2; siCTL,
control siRNA; STAT3, signal transducer and activator of transcription 3;
Ucn2, urocortin 2.
Discussion

Mucosal healing is a desired therapeutic endpoint in the
treatment of IBD,12 and interventions that promote resto-
ration of the epithelial barrier are needed to limit inflam-
mation and to prevent future injury. Here, we show that
selective inhibition of CRHR2 signaling in the intestinal
mucosa of mice after experimental colitis leads to increased
disease activity, delayed healing, and decreased epithelial
cell proliferation. Colons from these mice also showed
increased TUNEL and elevated TNF-a mRNA and protein
levels. Treatment of CRHR2-overexpressing NCM460 cells
with CRH or Ucn2 increased epithelial cell proliferation and
migration, and wound healing was accelerated in CRHR2-
overexpressing NCM460 cells after Ucn2 and IL-6 treat-
ment, suggesting advanced healing progression. Finally,
stimulation of CRHR2-overexpressing colonic epithelial
cells with Ucn2 and the proinflammatory cytokine IL-6
increased STAT3 activity. Taken together, these results
indicate that CRHR2 signaling promotes mucosal repair
in vivo and in human colonocytes in vitro.

In the present investigation, we studied mucosal repair
responses after DSS colitis. This model was used by oth-
ers,31e33 and has been described as “an ideal model to study
normal mucosal healing.”34 Previous studies that involved
The American Journal of Pathology - ajp.amjpathol.org
our laboratory and others have shown that mice deficient in
CRH or CRHR2 show increased severity of DSS-induced
colitis beyond the 6 day time point, suggesting a protec-
tive role for CRHR2/ligand signaling during chronic colitis
and mucosal repair.9,19 Thus, the design of our in vivo
studies included both intraperitoneal and intracolonic
administration of the selective CRHR2 antagonist Ast2B.
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Peptide antagonists such as Ast2B, when administered in
the periphery, do not cross the blood-brain barrier35 and
offer a potential advantage over Crhr2�/� mice because
centrally mediated effects or compensatory mechanisms that
may occur during development are not potential con-
founders to the observed effects. Furthermore, Ast2B is both
potent and highly selective for CRHR2 (concentration that
inhibits 50% Z 1.3 nmol/L for CRHR2 versus concentra-
tion that inhibits 50% > 500 nmol/L for CRHR1)35 and
exhibits a long duration of action in in vivo studies.36

Depending on the cell type and the local environment, acti-
vation of CRHR2 can enhance or inhibit cellular responses
involved in mucosal repair, including cell migration9,37,38 and
proliferation.9,39,40 To further assess the role of CRHR2
signaling in these responses, we established an in vitro system
with the use of the human colon-derived cell line NCM460
stably transfected with human CRHR2. After transfection, we
showed that CRHR2 stimulation with CRH or Ucn2 promotes
epithelial cell migration and proliferation. Several lines of evi-
dence indicate a protective role for CRHR2 in cell
survival,40e42 particularly in studies that involved the
myocardium, where CRHR2 is highly expressed43 and activa-
tion of CRHR2 protects cardiac muscle cells from hypoxia/
ischemia-induced apoptosis.44e46 Furthermore, human studies
have shown improvements in cardiac function after systemic
Ucn2 administration in healthy patients47 and patients with
heart failure,48,49 supporting the potential use of CRHR2
ligands clinically.

Cytokines play a central role in the regulation of both
intestinal inflammation and mucosal repair mechanisms.50

Treatments that neutralize the proinflammatory actions of
TNF-a promote mucosal healing and are a standard of
current IBD treatment paradigms.50,51 In addition, produc-
tion of the key proinflammatory cytokine IL-6 correlates
with the degree of active intestinal inflammation in IBD
patients,52 further supporting the concept that therapeutic
interventions that modulate cytokine production and/or
release may promote mucosal repair after inflammation.
CRH receptor activation can also regulate release of cytokines
from a variety of cell types.53e56 Consistent with these obser-
vations, we show CRHR2-mediated increases in TNF-a, IL-6,
and CXCL1 expression associated with delayed intestinal
mucosal repair in vivo. Furthermore, CRHR2-overexpressing
NCM460 cells treated with Ucn2 and IL-6 display improved
migratory and healing responses. Binding of IL-6 to its receptor
leads to activation of Janus kinase 2 and subsequent phos-
phorylation of STAT3, which has known roles in mucosal
repair57e59 and IBD pathophysiology.60,61 STAT3 is also
important in the maintenance of local immune responses and
intestinal homeostasis,58,61e63 whereas activation of STAT3
downstream of m-opioid receptor signaling in intestinal
epithelial cells is associated with mucosal repair after colitis.59

Although further studies are required to delineate the precise
mechanisms by which CRHR2 signals via IL-6/STAT3 in the
intestinal epithelium, we show evidence for an important role
for activation of the STAT3 survival pathway downstream of
142
CRHR2. Although we cannot exclude the involvement of other
survival pathways, our data suggest that IL-6/STAT3 signaling
may contribute to intestinal homeostasis and epithelial barrier
regulation after inflammation.
In conclusion, these findings provide, to our knowledge,

the first demonstration that the CRH family of peptides can
modulate mucosal repair mechanisms in the intestine and
that selective targeting of CRHR2 intracolonically promotes
epithelial cell proliferation, migration, and viability after
experimental colitis in vivo and in human colonocytes
in vitro. We suggest that CRHR2 activation can initiate
restoration of the epithelial barrier during the recovery phase
of intestinal inflammation by a signaling mechanism that
involves phosphorylation of STAT3. These results support
exploration of targeted therapeutic approaches to enhance
healing of the intestinal lining and to promote remission
from disease during intestinal inflammation and in patients
with IBD.
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