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The precise role of insulin-like growth factor (IGF)-1
in gastric ulcer healing is unknown. In experimental
rat gastric ulcers, we examined expression of IGF-1
mRNA and protein by reverse transcriptase-polymer-
ase chain reaction or enzyme-linked immunosorbent
assay and immunostaining, respectively. In cultured
rat gastric epithelial RGM1 cells, we examined effects
of exogenous IGF-1 on cell migration, re-epithelializa-
tion, and proliferation—essential components of ul-
cer healing. We also examined whether IGF-1 induces
cyclooxygenase (COX)-2 expression and determined
the role of phosphatidylinositol 3-kinase and mito-
gen-activated protein kinase signaling pathways in
mediating IGF-1 actions. Gastric ulceration triggered
an approximately threefold increase in IGF-1 expres-
sion in epithelial cells of the ulcer margins (P < 0.001
versus control), especially in cells re-epithelizing
granulation tissue and in mucosa in proximity to the
ulcer margin. Treatment of RGM1 cells with IGF-1
caused a dramatic increase in actin polymerization,
an eightfold increase in cell migration (P < 0.001), a
195% increase in cell proliferation (P < 0.05), and a
sixfold increase in COX-2 expression (P < 0.01). In-
hibitor of phosphatidylinositol 3-kinase abolished
IGF-1-induced RGM1 cell migration and proliferation,
actin polymerization, and COX-2 expression. The up-
regulation of IGF-1 in gastric ulcer margin accelerates
gastric ulcer healing by promoting cell re-epitheliza-
tion, proliferation, and COX-2 expression via the

phosphatidylinositol 3-kinase pathway. (4m J Pathol
2007, 170:1219-1228; DOI: 10.2353/ajpath.2007.060745)

Gastric ulcer healing is a complex process involving
inflammation, re-epithelialization, formation of granulation
tissue, angiogenesis, interactions between various cells
and matrix, and tissue remodeling.”? Growth factors
such as epidermal growth factor (EGF), hepatocyte
growth factor (HGF), platelet-derived growth factor
(PDGF), and basic fibroblast growth factor (bFGF) acti-
vate epithelial cell migration and proliferation and accel-
erate ulcer healing in vivo and in vitro by interacting with
specific cell surface receptors, which initiate cascades of
intracellular events.'>

Insulin-like growth factor-1 (IGF-1) is a peptide that
binds to IGF receptor-1 (IGFR-1), a tyrosine kinase mem-
brane receptor. Activation of IGFR-1 by IGF-1 is impli-
cated in cell survival, growth, differentiation, and migra-
tion in epithelial and mesenchymal tissues.*® In the
gastrointestinal tract, IGF-1 is secreted by salivary and
other exocrine glands, and its receptor is present in
epithelial cells of all segments of the rat gastrointestinal
tract.®~® In addition, IGF-1 has recently been shown to
stimulate intrahepatic biliary epithelial cell proliferation.®
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Several studies have demonstrated IGF-1 up-regulation
in injured skin, bone, and brain.’®'2 Whether gastroin-
testinal tract ulceration affects IGF-1 expression is un-
known. Previous studies in diabetic and arthritis rat mod-
els have demonstrated a delay in gastric ulcer healing
and attributed it to a decrease in IGF-1 mRNA in the
gastric mucosa.'®' Injection of exogenous IGF-1 to
these diabetic and arthritic rats accelerated ulcer heal-
ing. Direct injection of IGF-1 into the ulcers was also
shown to accelerate healing of cryo-induced rat gastric
ulcers.'® Under in vitro condition, exogenous IGF-1 has
been shown to promote migration and proliferation in
wounded monolayer of rabbit gastric epithelial cells,'®'”
but the molecular mechanisms and signaling pathways of
these actions remain unexplained.

The aim of this study was to determine in the in vivo rat
gastric ulcer model the effect of gastric ulceration on
expression and localization of IGF-1. In cultured rat gas-
tric mucosal epithelial RGM1 cells, we examined whether
and how IGF-1 promotes gastric epithelial cell migration
and proliferation and studied the effect of IGF-1 on cy-
clooxygenase (COX)-2 expression. In the same in vitro
model, we examined signaling pathways mediating these
actions of IGF-1.

Materials and Methods

Rat Gastric Ulcer Induction

This study was approved by the Subcommittee for Animal
Studies of Veterans Administration Long Beach Health
Care System. Male Sprague-Dawley rats (Charles River
Laboratory, Wilmington, MA) weighing 225 to 250 g were
fasted for 16 hours before surgery. The rats were anes-
thetized with 50 mg/kg pentobarbital by intraperitoneal
injection. Gastric ulcers were induced in rats by a focal,
serosal application of 100% acetic acid to the glandular
portion of the stomach for 90 seconds by using a 4.0-mm
inner diameter polyethylene tube as previously de-
scribed.”™® A separate group of rats was subjected to
sham operation without application of acetic acid. Rats
were euthanized at 4, 6, and 12 days after ulcer induc-
tion, the stomach opened, and mucosal specimens of
ulcerated or control mucosa obtained. Specimens were
used for RNA extraction and protein isolation or fixed in
10% formalin for immunohistochemistry.

Enzyme-Linked Immunosorbent Assay

Total protein from control and ulcerated mucosa was
isolated by homogenization of tissues in ice-cold ra-
dioimmunoprecipitation assay buffer containing pro-
tease inhibitor cocktail (Pierce, Rockford, IL). Protein
concentration was determined by standard Bradford
assay (Bio-Rad, Hercules, CA), and samples were
used to assay for rat IGF-1. We used a commercially
available mouse IGF-1 enzyme-linked immunosorbent
assay kit (R&D Systems, Minneapolis, MN), which
detects rat IGF-1, and followed the manufacturer’s pro-
tocol for assays. Colorimetric measurements were per-

formed using a microplate reader (Dynex Technolo-
gies, San Francisco, CA) at 490 nm. Measurements
were done on triplicate samples and repeated twice.

Immunohistochemistry

Immunostaining was performed as previously de-
scribed. ' Specimens of control and ulcerated stomach
were fixed in 10% formalin, routinely processed, paraffin-
embedded, and sectioned. Sections were dewaxed and
processed routinely using DAKO Target retrieval solution
(DAKOQO, Carpinteria, CA) for unmasking of antigen before
blocking. Primary antibody used was a rabbit polyclonal
IGF-1, 1:200 dilution (catalog no. 9013; Santa Cruz Bio-
technology, Santa Cruz, CA). After incubation with pri-
mary antibodies, slides were then treated with appropri-
ate secondary antibody for 60 minutes and developed
using the ABC detection method.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR)

Total RNA from normal control mucosa, ulcer margins,
and RMG1 cells was extracted using Trizol reagent (In-
vitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. Total RNA was used as template for first-strand
cDNA synthesis with reverse transcriptase (Perkin Elmer,
Norwalk, CT). The cDNA was then used as templates for
PCR reactions as previously described by our laborato-
ry'® using the following set of primers: IGF-1 forward
5'-CAGTTCGTGTGTGGACCAAG-3" and IGF-1 reverse
5'-GTCTTGGGCATGTCAGTGTG-3'. The sequences for
rat COX-2 were previously described’®; g-actin primers
were purchased from Clontech Laboratories, Inc., Palo
Alto, CA, and used as internal control.

Cell Culture and Cell Migration Studies

Rat gastric mucosal epithelial (RGM1) cell line derived
from normal rat gastric mucosa was obtained from Riken
Cell Bank (Tsukuba, Japan).?° Cells were maintained in
Dulbecco’s modified Eagle’s medium/F12 medium sup-
plemented with 2 mmol/L L-glutamine, antibiotics/anti-
mycotics, and 20% fetal bovine serum at 37°C with 5%
CO, in a humidified incubator. To determine the effects of
IGF-1 on RGM1 cell migration, we performed scratch-
wound assay as described in previous studies.?"?? In
brief, RGM1 cells were plated on a six-well plate at a
density of ~1 X 10° cells per well and incubated with
growth medium for 3 days until fully confluent. Cells were
rinsed three times in phosphate-buffered saline (PBS)
before being subjected to wound/injury by scraping the
monolayer with a single edge razor blade across the well.
The cells were rinsed in PBS and incubated in serum-free
medium without or with rat IGF-1 (Cell Sciences, Canton,
MA) at 5, 10, or 50 ng/ml. After 24 hours, cells were fixed
in ice-cold methanol (—20°C) for 5 minutes and stained
with hematoxylin and eosin. Cell migration was deter-
mined by counting the number of RGM1 cells migrating



across the cut border for 24 hours. To determine the
signaling pathways by which IGF-1 affects RGM1 cell
migration, cells were placed in serum-free medium over-
night and then preincubated with vehicle, the phospha-
tidylinositol 3-kinase (PI3K) inhibitor LY294002 (Calbio-
chem, San Diego, CA) at 20 umol/L, or the MAPK (MEK-
1/2) inhibitor PD98059 (Calbiochem) at 40 wmol/L for 30
minutes followed by treatment with IGF-1 (10 ng/ml) for
24 hours. The doses of these inhibitors (PD98059 and
LY294002) were selected based on previous dose-re-
sponse studies.?324

To determine the role of COX-2 in IGF-1-induced
RGM1 cell migration, cells were preincubated with
COX-2 selective inhibitor, NS-398 (Cayman Chemical
Company, Ann Arbor, MI) at 50 umol/L for 2 hours before
treatment with IGF-1 (10 ng/ml) for 24 hours. We selected
the dose of NS-398 based on previous studies investi-
gating kinetics of purified human COX-1 and COX-2 in-
hibition, which demonstrated that NS-398 inhibits human
COX-1 and human COX-2 with a selectivity of ~260-fold
for COX-2 over COX-1 and that in this concentration
NS-398 (50 wmol/L) does not inhibit COX-1.252% To de-
termine whether IGF-1 plus EGF is more effective (com-
pared with either growth factor alone) in inducing cell
migration, serum-starved wounded monolayer cells were
incubated with either IGF-1 (10 ng/ml) alone or EGF (10
ng/ml) alone, or with IGF-1 plus EGF for 24 hours. To
determine the relative contribution of cell proliferation to
RGM1 cell migration, cell proliferation was inhibited by
preincubating with 2 ug/ml mitomycin C for 2 hours be-
fore incubation with IGF-1 as previously described.?? All
cell migration studies were done in triplicates and re-
peated twice; three random microscopic fields were se-
lected for counting in each well, and average values were
attained (n = 9).

Cell Proliferation Assay

The effect of IGF-1 on cell proliferation was studied by
determining [®H]thymidine incorporation into cell DNA
as described in our previous study.?” RGM1 cells were
seeded at ~2 X 10* cells per well in a 24-well tissue
culture dish and were grown overnight to ~60% con-
fluence. The cells were then placed for 24 hours in
serum-free medium and treated with 0, 5, 10, or 50
ng/ml IGF-1 for another 24 hours. Three hours before
the termination of the experiment, 2 uCi of [*H]thymi-
dine (Amersham Pharmacia Biotech, Piscataway, NJ)
was added to each well. To determine the signaling
pathways by which IGF-1 affects RGM1 cell prolifera-
tion, cells were placed in serum-free medium overnight
and then preincubated with either vehicle, the PI3K
inhibitor LY294002 at 20 umol/L, or the MAPK (MEK-
1/2) inhibitor PD98059 at 40 wmol/L for 30 minutes
before IGF-1 treatment. To determine the role of COX-2
in IGF-1 action, cells were incubated with NS-398 (50
pmol/L) for 2 hours before the addition of IGF-1. After
24 hours, cells were washed three times in ice-cold
PBS and lysed in 0.5 N NaOH, and radioactivity was
measured in a scintillation counter. All cell proliferation
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studies were done in triplicates and repeated twice
(n = 9). In addition, we used bromodeoxyuridine
(BrdU) labeling to assure that changes in [3H]thymi-
dine uptake were not attributable to changes in TdR
kinase activity. For the BrdU labeling, cells were plated
on 12-well coverslips coated with rat collagen gel.
Cells were treated with IGF-1 at 1, 10, and 50 ng/ml or
medium alone (control) for 24 hours and were incu-
bated with BrdU at final concentration at 10 wmol/L for
2 hours before termination of the experiment. Each
study was performed in triplicate. After fixation and
treatment with 2 N HCI at 37°C for 1 hour, cells were
incubated with anti-BrdU antibody (Chemicon, Te-
mecula, CA), rinsed with PBS, incubated with Alexa
488-conjugated secondary antibody, and evaluated
under a Nikon fluorescence microscope (Tokyo, Ja-
pan). BrdU-positive cells were counted in five ran-
domly selected areas in each coverslip.

Actin Polymerization—Labeling of G-Actin
and F-Actin

The effect of exogenous rat IGF-1 on actin polymerization
was examined by staining RGM1 cells with fluorescent
probes for G- and F-actin as described previously.?®
Cells were plated on collagen-coated coverslips and
grown to fully confluent before excision wounding. Cells
were then washed in PBS and incubated in serum-free
medium for 24 hours, then treated with IGF-1 (10 ng/ml)
for 24 hours, with or without LY294002 preincubation, for
30 minutes. Cells were then fixed in 4% paraformalde-
hyde, permeabilized in cold (—20°C) acetone, and dou-
ble-stained for 30 minutes with Texas Red-conjugated
deoxyribonuclease | (Molecular Probes, Eugene, OR),
which binds to monomeric, nonpolymerized G-actin, and
Oregon Green 488-conjugated phallotoxins (Molecular
Probes), which bind to polymerized F-actin. The staining
was visualized under a Nikon fluorescence microscope
as previously described.?®

Protein Extraction and Immunoblotting

After completion of experiments, RGM1 cells were rinsed
in cold PBS, harvested in ice-cold radioimmunoprecipi-
tation assay buffer, and processed as previously de-
scribed. Protein concentration was determined by stan-
dard Bradford assay (Bio-Rad). For immunoblotting,
equal amounts of protein were loaded into a standard
10% sodium dodecyl! sulfate-polyacrylamide gel and re-
solved overnight. The resolved proteins were trans-
ferred to a nitrocellulose membrane by wet transfer
method for 2 hours; membranes were blocked in block-
ing buffer (1X Tris-buffered saline, 0.1% Tween 20,
and 5% nonfat dry milk) before incubation with primary
antibodies, followed by incubation with horseradish
peroxidase-conjugated secondary antibodies for 1
hour at room temperature. Detection of protein was
performed with chemiluminescence reagents (Amer-
sham Pharmacia Biotech) as previously described.?®
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COX-2 Expression in RGM1 Cells and Signaling
Pathways Involved

RGM1 cells were plated at ~1 X 10° cells per plate in a
100-mm dish and incubated in growth medium overnight
to ~70% confluence. Cells were rinsed in PBS and incu-
bated in Dulbecco’s modified Eagle’s medium/F12 (se-
rum-free) medium only for 24 hours. For the dose-depen-
dent studies, cells were placed in above medium or
treated for 6 and 24 hours with IGF-1 at 10, 50, or 100
ng/ml or with 100 ng/ml EGF. Extracted proteins were
immunoblotted with COX-2-specific polyclonal antibody
(Cayman Chemical Company). For time-dependent stud-
ies, cells were treated with 10 ng/ml IGF-1. Cells were
harvested after 10, 30, 60, 180, or 360 minutes of stimu-
lation, and isolated proteins were immunoblotted with
COX-2-specific polyclonal antibody, phospho-Akt (Cell
Signaling Technology, Beverly, MA), total-Akt (Santa
Cruz Biotechnology) or phospho-extracellular signal-reg-
ulated kinase (ERK) 1/2 (Santa Cruz Biotechnology), total
ERK2 (Santa Cruz Biotechnology), and B-actin (Sigma-
Aldrich, St. Louis, MO).

Statistical Analysis

All numeric data are expressed as mean * SD. Student’s
two-tailed t-test was used to compare data between two
groups. One-way analysis of variance with Bonferroni post
hoc validation was used to compare data among three or
more groups. P < 0.05 was considered significant.

Results

Gastric Ulceration Triggers Local Activation of
IGF-1 in the Ulcer Margins

To measure IGF-1 concentration in control and ulcerated
gastric tissues, we performed enzyme-linked immunosor-
bent assay using total protein extract prepared from gas-
tric mucosa of sham-operated and gastric ulcer margins
obtained 4, 6, and 12 days after ulcer induction. IGF-1
concentration in ulcerated gastric mucosa was signifi-
cantly increased by 227, 305, and 255% at 4, 6, and 12
days, respectively, versus that of sham-operated rats.
The absolute IGF-1 concentrations were 71.9 = 6, 97.0 =
5, and 80.7 = 3 pg/ml/ug total protein versus 31.7 = 0.5
pg/mi/ug total protein, respectively (Figure 1A).

To assess expression and localization of IGF-1 in rat
gastric ulcers, we stained sections from normal and ul-
cerated gastric mucosa with a specific antibody against
IGF-1. In normal rat gastric mucosa, IGF-1 was predom-
inantly expressed in the progenitor (proliferative zone)
cells (Figure 1BDb). In rat gastric ulcer at day 6, IGF-1
expression was localized to epithelial cells that are in
proximity to the base of the ulcer margin (Figure 1B, ¢
and d). A strong IGF-1 staining was also present in the
epithelial cells that migrated onto granulation tissue dur-
ing re-epithelization phase of gastric ulcer healing (Fig-
ure 1B, e and f). To determine IGF-1 mRNA expression

during gastric ulcer healing, we performed semiquantita-
tive RT-PCR using RNA prepared from gastric ulcer mar-
gins at 4, 6, and 12 days after ulcer induction. IGF-1
mRNA in rat gastric ulcer margins was markedly in-
creased at 4, 6, and 12 days after ulcer induction versus
sham-operated rats. COX-2 mRNA expression was also
up-regulated in gastric ulcer margin, with a peak at day 6
and returned to near baseline level by day 12 (Figure 1C).

IGF-1 Induces RGM1 Cell Migration
and Proliferation

One of the major steps in ulcer healing is re-epithelialization,
which is usually achieved by epithelial cell migration and
proliferation.” To determine the role of IGF-1 in cell migra-
tion, we examined RGM1 cell migration in scratch wound
assay across wound edge after 24-hour treatment with
IGF-1 or medium only control. Treatment with IGF-1 at 5, 10,
and 50 ng/ml significantly increased the RGM1 cell migra-
tion rate by sevenfold, eightfold, and threefold, respectively,
compared with controls (Figure 2, A and B). The addition of
both IGF-1 (10 ng/ml) plus EGF (10 ng/ml) to culture me-
dium had an additive effect and significantly increased cell
migration by approximately twofold versus either single
growth factor alone (Figure 2C). Because the concentration
of 10 ng/ml IGF-1 induced maximal migration, all subse-
quent migration studies were done with 10 ng/ml IGF-1. This
concentration is considered within physiological range be-
cause serum levels of IGF-1 in humans are ~120 ng/ml.?°

We then examined the effect of IGF-1 on RGM1 cell
proliferation using [°H]thymidine incorporation assays.
Treatment with 5, 10, or 50 ng/ml IGF-1 increased cell
proliferation by 1.7-, 2.0-, and 1.7-fold, respectively, com-
pared with medium only control (P < 0.05) (Figure 2D).
The BrdU labeling assay fully confirmed these data.
Treatment with IGF-1 at 1, 10, and 50 ng/ml increased
RGM1 cell proliferation by 35%, ~60% (P < 0.05), and
58% (P < 0.05), respectively (Figure 2E).

IGF-1 Activates COX-2 Expression in
RGM1 Cells

It has been shown that COX-2 can be induced in vitro in
gastric epithelial cells by several growth factors and that
it is also up-regulated in the gastric ulcer margin.'9:30-33
We examined whether IGF-1 can induce COX-2 expres-
sion and used EGF, which is known to induce COX-2
expression, as a positive control. IGF-1 treatment for 6
and 24 hours significantly increased COX-2 expression
(Figure 3A). EGF (100 ng/ml) also significantly increased
COX-2 expression compared with medium only (Figure
3A). The semiquantitative RT-PCR of total RNA extracted
from cells treated as above also showed a marked in-
crease in COX-2 mRNA after 10, 50, and 100 ng/ml IGF-1
treatment (Figure 3B). IGF-1-induced phosphorylation of
Akt and Erk1/2 occurred at 10 minutes and peaked at 30
minutes (Figure 3C). IGF-1 also induced COX-2 expres-
sion in a time-dependent manner, starting as early as 10
minutes with a peak at 6 hours (Figure 3C).
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IGF-1 Activates COX-2 Expression and
Promotes Actin Polymerization in RGM1 Cells
through PI3K Signaling

Because IGF-1 activates both the Akt/PI3K and ERK/
MEK/MAPK pathways in epithelial cells,®* we further ex-
amined the signaling pathway by which IGF-1 induces
COX-2 expression in RGM1 cells. Pretreatment with
PD98059 dramatically reduced IGF-1-induced ERK1/2
phosphorylation (data not shown) but reduced IGF-1-
induced activation of COX-2 by only ~27% compared
with IGF-1 treatment alone (COX-2 expression relative to
B-actin, 4.78 = 0.49 versus 6.21 = 0.36); (Figure 4A, lane
6). In contrast, pretreatment with LY294002 caused a
dramatic reduction in Akt phosphorylation (data not
shown) and ~82% reduction in IGF-1-induced COX-2
expression compared with IGF-1 treatment alone (COX-2
expression relative to B-actin, 1.94 = 0.16 versus 6.21 =
0.36, P < 0.001) (Figure 4A, lane 5). This suggests that
IGF-1-induced COX-2 expression is mediated mainly by
PI3K signaling.

G-Actin polymerization into F-actin and the formation of
stress fibers are crucial for cell migration."3® To deter-
mine the role of IGF-1 in promoting polymerization of
G-actin into F-actin, a relative content of these two actin
forms were assessed by double staining using Texas
red-conjugated DNase1 for G-actin and Oregon Green-
conjugated phalloidin for F-actin, as described in our
previous study.?® Treatment with IGF-1 (10 ng/ml)
caused a dramatic increase in F-actin in RGM1 cells
compared with medium only treatment (Figure 4B, a and
b), reflecting G-actin polymerization. RGM1 cells pre-
treated with LY294002 before treatment with IGF-1 had
only a minimal increase in F-actin, suggesting that IGF-1
induced actin polymerization is mostly dependent on
PI3K signaling (Figure 4B, c and d).

IGF-1-Induced RGM1 Cell Migration
and Proliferation Are Dependent on PI3K
Signaling and COX-2

To examine further the roles of PI3K, COX-2, and MAPK
in IGF-1-induced RGM1cell migration and proliferation,
we performed RMG1 cell migration assay after treat-
ment with IGF-1 or medium alone, in the presence or

Figure 1. Gastric ulceration triggers local activation of IGF-1 in the ulcer
margins. A: IGF-1 enzyme-linked immunosorbent assay of gastric tissue from
sham-operated (S.0.) and gastric ulcers showing significant IGF-1 up-regu-
lation at days 4, 6, and 12 after gastric ulcer (G.U.) induction. *P value
<0.001, 7 = 4 to 5. B: Immunostaining with IGF-1-specific antibody. In
normal gastric mucosa, IGF-1 expression is localized to cells of mucosal
progenitor zone, PZ (b) (red staining). In ulcerated mucosa, IGF-1 expres-
sion is up-regulated in gastric ulcer margin healing zone, HZ, at day 6 (¢ and
d) compared with normal gastric mucosa. d: Higher magnification of the
same section showing IGF-1-positive cells are derived from gastric glands. e
and f: Epithelial cells migrating onto and re-epithelizing granulation tissue of
gastric ulcers at day 6 also exhibit strong staining for IGF-1 (arrow). a:
Control staining performed in the absence of primary antibody did not show
any positive staining. C: RT-PCR using Cox-2, Igf-1, and B-actin primers was
performed using total RNA from gastric tissue of sham-operated control and
gastric ulcer margins showing /g/-7 and Cox-2 mRNA up-regulation at days 4,
6, and 12. Semiquantification of RNA RT-PCR expressed as relative density to
B-actin (bottom). Original magnifications: X200 (Bd, Bf); X100 (Be).
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Figure 2. IGF-1 induces RGM1 cell migration and proliferation in vitro. IGF-1 plus EGF exert additive effect on RGM1 cell migration. A: A representative
photomicrograph of RGM1 cells migrating across wound edge. There is increased cell migration in response to treatment with 5, 10, and 50 ng/ml IGF-1
compared with medium only control. B: Data for cell migration studies showing a peak cell migration in the presence of 10 ng/ml IGF-1. *P value <0.001
compared with medium only control. All cell migration studies were done in triplicates and repeated twice; three random microscopic fields were selected
for counting in each experiment (72 = 9). C: Treatment with IGF-1 plus EGF exerts an additive effect on cell migration compared with either growth factor
alone. *P value <0.05 compared with medium only control. **P value <0.05 compared with IGF-1 alone or EGF alone. D: Proliferation assay showing an
increase in [*Hlthymidine incorporation in RGM1 cells treated with 5, 10, and 50 ng/ml IGF-1 for 24 hours compared with medium only control. Experiments
were done in triplicates and repeated twice (7 = 9). E: Treatment with IGF-1 significantly increases BrdU uptake by RGM1 cells. *P value <0.05 compared

with medium only control.

absence of PI3K inhibitor (LY294002), selective COX-2
inhibitor (NS-398), and MEK-1/2 inhibitor (PD98059).
Pretreatment with LY294002 completely abolished IGF-
1-induced RGM1 cell migration, whereas pretreatment
with NS-398 and PD98059 caused a nonsignificant 15
and 18% reduction, respectively, in IGF-1-induced cell
migration compared with controls (Figure 5A). This
suggests that IGF-1-induced RGM1 cell migration is
mostly dependent on PI3K signaling and not active
COX-2 or MAPK signaling. LY294002 alone, reduced
basal cell migration by 21% compared with medium
alone, suggesting that cell migration at baseline is
partly dependent on PI3K signaling. NS-398 and
PD98059 alone did not significantly reduce basal cell
migration compared with medium alone condition (Fig-
ure 5A). To determine the relative contribution of cell
proliferation to RGM1 cell migration, cell proliferation
was inhibited by preincubating with 2 wg/ml mitomycin
C for 2 hours. Our previous studies demonstrated that
at this concentration of mitomycin C, RGM1 cell prolif-
eration at baseline is completely inhibited without ad-

versely affecting cell migration.?? Treatment with mito-
mycin C caused a nonsignificant 19% reduction in
IGF-1-induced cell migration compared with IGF-1
treatment alone, suggesting that a major part (81%) of
IGF-1-induced RGM1 re-epithelization during the first
24 hours is attributable to cell migration and not pro-
liferation (Figure 5A).

To determine whether IGF-1-induced cell proliferation
is mediated through its activation of COX-2, PI3K, and
MAPK signaling, [*H]thymidine incorporation assay was
performed in RGM1 cells treated with IGF-1 alone or in
the presence of LY294002, NS-398, or PD98059. IGF-1
treatment for 24 hours caused a 1.7-fold increase in
[*H]thymidine incorporation compared with the medium
only control. Pretreatment with LY294002 significantly re-
duced both the baseline and IGF-1-induced RGM1 cell
proliferation (Figure 5B). Pretreatment with NS-398 and
PD98059 also reduced both basal and IGF-1-induced
proliferation but to a lesser extent than LY294002
(Figure 5B).
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Discussion

Ulcer healing is a genetically programmed repair pro-
cess that includes inflammation, cell proliferation, re-ep-
ithelialization, formation of granulation tissue, angiogen-
esis, interactions between various cells and matrix, and
tissue remodeling, all resulting in scar formation. These
events are controlled by cytokines, growth factors (eg,
EGF, PDGF), and transcription factors activated by tissue
injury in a spatially and temporally coordinated manner.
These growth factors trigger mitogenic, motogenic, and
survival signals using various signaling pathways. 36739
It has been demonstrated in various wound-healing mod-
els, eg, in injured ear, bones, brain, and dermal ulcers,
that IGF-1 is up-regulated in a spatial and temporal man-
ner in areas adjacent to the injured tissues. 07121440 Qur
present study demonstrates for the first time that IGF-1
is locally up-regulated in the epithelial cells in proximity
to gastric ulcer margin, which constitute a healing
zone™?4142 and is strongly expressed in cell re-epithe-
lializing granulation tissue. This local IGF-1 up-regulation
is attributable to gene activation because local IGF-1
mRNA level is also elevated in ulcerated gastric tissue.

To examine the functional consequences of local IGF-1
up-regulation, we used an in vitro model of gastric epi-
thelial wound to study the actions of IGF-1 on cell migra-
tion and proliferation. We demonstrated that IGF-1 in-
duces in RGM1 cells actin polymerization, cell migration,
and proliferation and activates COX-2 in a PI3K signaling-
dependent manner. Inhibition of PISK signaling signifi-
cantly reduced IGF-1-induced RGM1 cell proliferation
and migration, whereas inhibition of COX-2 and MAPK
only partly inhibited IGF-1-induced RGM1 cell prolifera-
tion and had no significant affect on cell migration, unlike
our previous studies showing that NS-398 significantly
inhibited bFGF-induced cell migration.*® This suggests a
specific role for IGF-1 during gastric ulcer healing and
that IGF-1-induced cell migration and proliferation is me-
diated mainly through PI3K pathway. When RGM1 cell
proliferation was inhibited with mitomycin C, cell migra-
tion was minimally affected during the first 24 hours,
indicating that a major effect of IGF-1 during the first 24
hours is on cell migration and not proliferation. These
findings are consistent with previous observations using
the same migration model to study effects bFGF, EGF,
and HGF.?#43

Previous studies from others and our laboratories have
shown that various growth factors such as EGF, bFGF,

Figure 3. IGF-1 activates COX-2 expression in RGM1 cells. A: Representative
immunoblots with COX-2 and B-actin antibodies on total protein extracts
showing an increase in COX-2 expression in RGM1 cells treated for 6 or 24
hours with IGF-1 at 10, 50, and 100 ng/ml or 100 ng/ml EGF compared with
control. Quantification of immunoblots is expressed as relative density to
B-actin (bottom). *P value <0.01 compared with control. B: RT-PCR with
Cox-2 and B-actin primers performed using total RNA showing an increase
in Cox-2 mRNA in RGM1 cells treated for 6 or 24 hours with IGF-1 at 10, 50,
and 100 ng/ml or EGF at 100 ng/ml compared with medium only control.
Semiquantification of RT-PCR is expressed as relative density to B-actin
(bottom). C: Representative immunoblots with COX-2, phospho-Akt, total
Akt, phopho-ERK1/2, total ERK1/2, and B-actin antibodies using total protein
extracted from RGM1 cells treated with IGF-1 (10 ng/ml) showing a time-
dependent increase in COX-2 expression, phospho-Akt, and phospho-
ERK1/2 compared with medium only control.
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HGF, gastrin, and epiregulin may promote ulcer healing
by up-regulating COX-2 expression.'9:30:32:33.43.44 Gg|ac.
tive inhibitors of COX-2 cause a delay in gastric ulcer
healing and cellular restitution in vivo and in vitro.>*® Our
present study demonstrates for the first time a novel
molecular mechanism of IGF-1 action on gastric epithelial
cells—induction of COX-2 expression in a PI3K-depen-
dent manner. Induction of COX-2 with resultant increase
in generation of prostaglandin E, may stimulate cell
proliferation and ulcer healing. Our previous studies
demonstrated that prostaglandin E, exerts trophic and
growth-promoting actions on gastric mucosa through
transactivation of EGF receptor.?”

Previous studies demonstrated that gastric ulceration
activates expression of several growth factors including
EGF and, as shown in this study, IGF-1. Our previous
studies demonstrated the EGF-EGF-R-Erk2 pathway is

Figure 4. IGF-1 activates COX-2 expression and promotes actin polymerization
in RGM1 cells through PI3K signaling. A: Representative immunoblots with
COX-2 and B-actin antibodies using total protein extracts from RGM1 cells
showing that LY294002 inhibited IGF-1-induced COX-2 expression (lane 5),
whereas PD980059 caused only partial inhibition of IGF-1-induced COX-2 ex-
pression (lane 6) compared with IGF-1 alone (lane 4), medium only control and
vehicle controls (lanes 1, 2, and 3). The membrane was stripped and reprobed
with B-actin to confirm equal loading. Quantification of COX-2 expression in
immunoblots is shown at the bottom. *P value <0.001 as compared with IGF-1
alone. B: G-Actin (red) and F-actin (green) double staining of RGM1 cells 24
hours after treatment with 10 ng/ml IGF-1 (b), showing an increase in F-actin
compared with medium only condition (a). Pretreatment of RGM1 cells with
LY294002 alone did not change staining (c), whereas LY294002+IGF-1 caused a
marked reduction in IGF-1-induced F-actin staining (d).

LY+IGF-1

critical for gastric ulcer healing®*®#” and that blocking this
pathway with specific EGF-R inhibitor dramatically delays
ulcer healing.”® The role of IGF-1 in gastric ulcer healing
is underscored by the fact that its deficiency in diabetic
rats markedly delays ulcer healing.”®'* It is unclear
whether ulceration-induced increase expression of both
EGF and IGF-1 represent redundancy, a backup, or has
a synergistic or an additive effect. Previous studies on
wounded keratinocyte monolayer demonstrated that EGF
and IGF-1 influence keratinocyte shape differently. Al-
though IGF-1 stimulated membrane protrusion and facil-
itated cell spreading, EGF also induced contraction of
keratinocytes. The effects of each growth factor on ker-
atinocyte shape were mediated by distinct signal trans-
duction pathways: EGF stimulated mitogen-activated
protein kinase pathway, whereas IGF-1 stimulated the
PISK pathway. When added simultaneously, IGF-1 and
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Figure 5. Effect of IGF-1 on cell migration and proliferation: roles of PI3K,
COX2, and mitogen-activated protein kinase. A: Quantitative data for RGM1
cell migration across wound edge. IGF-1 strongly induces cell migration.
IGF-1-induced cell migration was significantly inhibited by pretreatment with
LY294002 (LY) and partly inhibited by NS-398 and PD98059 (PD) compared
with medium only and vehicle control. Inhibition of cell proliferation with 2
ug/ml mitomycin C only partly reduced IGF-1-induced RGM1 cell migration.
*P value <0.001 compared with medium only control; *P value <0.001
compared with IGF-1 alone; “P value >0.05 compared with IGF-1 alone. All
cell migration studies were done in triplicates and repeated twice; three
random microscopic fields were selected for counting in each experiment
(n = 9). B: Quantitative data for RGM1 cell proliferation using [*H]thymidine
incorporation assay. IGF-1-induced cell proliferation was abolished by
LY294002 and was partly inhibited by NS-398 compared with IGF-1 treatment
alone, medium only, and vehicle control. *P value <0.005 compared with
medium only control; TP value <0.05 compared with IGF-1 alone; P value
>0.05 compared with medium only control. All cell proliferation studies
were done in triplicates and repeated twice (12 = 9).

EGF had an additive effect, providing faster and more
complete wound epithelialization. These results showed
that IGF-1 and EGF can influence different components
of the keratinocyte migration machinery that determines
the speed of wound epithelialization.*® Thus, it appears
that effects of IGF-1 and EGF on cell migration are addi-
tive and mediated via two different signaling pathways:
ERK2 for EGF and PI3K for IGF-1. In our present study,
when IGF-1 and EGF were added together, they had a
significant, additive affect on RGM1 cell migration. Thus,
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our present data demonstrate for the first time that this
paradigm also applies to the healing of gastric epithelial
cells as well.

In conclusion, we have demonstrated that IGF-1 is
up-regulated in the gastric ulcer margin and that exoge-
nous IGF-1 promotes gastric re-epithelization, prolifera-
tion, and COX-2 expression via the PI3K pathway. The
up-regulation of COX-2 and PI3K signaling may be a key
mechanism in mediating IGF-1-induced cell proliferation
and migration, both essential components of re-epitheli-
alization and ulcer healing.
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