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Abstract
Oral mucositis (OM) is a devasting toxicity associated with cytotoxic cancer therapy. Antrum
mucosal protein (AMP)-18 and a synthetic peptide surrogate, exhibit cell protective and mitogenic
properties in in vitro and in vivo models of gastrointestinal epithelial cell injury. The mucosal
barrier-protective effects may be mediated by AMP-18 's capacity to increase accumulation of
specific tight junction (TJ) and adherens junction proteins, and also protect against their loss after
injury. Here we asked if AMP peptide could protect the oral mucosa and speed healing from
radiation-induced injury. We found AMP peptide prevented radiation-induced OM in a murine
model. The peptide also stimulated HaCaT cell growth used to model the oral mucosa. Binding of
recombinant human (rh) AMP-18 to the plasma membrane of keratinocytes in normal human oral
mucosal tissue suggested that its effects may be receptor mediated. Using an immobilized His-
tagged rhAMP-18 fusion protein the receptor was identified as the cholecystokinin-B/gastrin
receptor (CCKBR) by affinity purification and mass spectrometry analysis. CCKBR was
expressed and co-immunoprecipitated with exogenous rhAMP-18 in diverse epithelial cell lines.
Immunofluorescence staining revealed that rhAMP-18 colocalized with CCKBR on the surface of
CCKBR-transfected cells. Furthermore, rhAMP-18-stimulated signaling pathways were blocked
by a CCKBR-specific antagonist, YM022. RhAMP-18 enhanced viability and growth of CCKBR-
transfected, but not empty vector-transfected cells. These results suggest the importance of
epithelial junctional integrity in the pathogenesis of OM and demonstrate that AMP-18, by
targeting TJ proteins through the activation of CCKBR, could provide a novel strategy for the
prevention and treatment of OM.
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Introduction
OM is a frequent and severe side effect associated with radio/chemotherapy for head and
neck malignancies. It also occurs with clinically significant frequency and severity in
patients who receive conditioning therapy for hematopoietic stem cell transplantation
(HSCT), and in those with solid tumors given chemotherapy. 1 The syndrome, characterized
by disruption of mucosal epithelial barrier structure and function, results in pain, erythema,
edema, pseudomembrane (fibrinous/bacteria-laden exudate) formation, reduced saliva,
bleeding, and ulcerations, and has a significant impact on the patients’ quality of life. 2
Moreover, severe OM is one of the leading causes for unplanned treatment interruptions,
dose reductions of drugs used in chemotherapy and/or alteration in the selection of
antineoplastic agents. Treatment options for OM are limitied. Only Palifermin (Kepivance®,
Amgen/Biovitrum; human recombinant keratinocyte growth factor-1) is approved for an
OM indication and its use is limited to patients with hematological malignancies undergoing
HSCT. 3 Current standard therapy is predominantly palliative with a goal of providing
symptomatic relief.

Much has been learned about the complexities of the pathogenesis of OM in the past
decade. 1 A potential role of the oral epithelium, particularly its tight junctions, has been
hypothesized as a target for therapeutic intervention in OM. 4, 5 Consequently, we reasoned
that the barrier-protective function of AMP-18 seen in our previous studies might offer a
novel strategy to treat OM.

We previously identified and characterized an 18-kDa antrum mucosa protein (AMP-18),
also called Gastrokine-1 (GKN1), whose expression at high levels is restricted to cells of the
gastric epithelium. 6 Subsequent study has demonstrated that full-length AMP-18, and a
synthetic 21-amino acid peptide fragment corresponding to a central domain of the protein,
exhibit cell protective, mitogenic, and motogenic (enhanced motility) properties in several
tissue culture models of gastrointestinal (GI) mucosal injury. 7 This 21-mer peptide
stimulated growth of epithelial cells, but not fibroblasts, and increased restitution of scrape-
wounded gastric epithelial monolayers, suggesting an important role for AMP-18 in
maintaining integrity of the mucosal barrier. 7 AMP-18 appears to protect and seal the
barrier by acting on tight junctions (TJ) which connect adjacent epithelial cells. 5
Administration of AMP peptide to normal mice stimulated accumulation of TJ proteins such
as occludin and ZO-1 in colonic mucosal epithelial cells, and in monolayer cultures of
human colonic epithelial Caco2/bbe (C2) cells. Administration of the 21-mer AMP peptide
to mice with experimental colonic injury induced by the polyanion dextran sulfate sodium
(DSS), delayed the onset of bloody diarrhea, and reduced weight loss. 5 Treatment with
AMP-18 peptide also protected cell monolayers against decreases in transepithelial electrical
resistance (TER) induced by the oxidant monochloramine, indomethacin, or DSS which
disrupt TJs. Laser scanning confocal microscopy (LSCM) showed that AMP peptide
increased accumulation of occludin and ZO-1 in TJ domains of epithelial cell monolayers,
and immunoblotting analysis of detergent-insoluble fractions (which contain TJ proteins)
indicated that the peptide protected against loss of these TJ proteins following oxidant
injury. AMP peptide also protected against a fall in TER during disruption of actin filaments
by cytochalasin D, and stabilized perijunctional actin during oxidant injury when assessed
by LSCM. AMP-18 stimulates growth of diverse types of GI epithelial cells (AGS, IEC-6
and IEC-18). 6, 7

Expression of AMP-18 in the gastric antrum mucosa can be reduced in situations that cause
mucosal injury, although the mechanisms are not known. Low-dose aspirin decreases
expression of AMP-18 in the antrum mucosa of healthy human subjects, 8 whereas
indomethacin gavaged into the stomach of mice reduced AMP-18 content in antrum
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mucosal tissue before histological injury was detected, 7 The expression level of AMP-18 is
downregulated or absent in gastric cancer, 9, 10 and Helicobacter pylori-positive
gastritis. 11, 12 In addition, AMP-18 shows a progressive decrease from chronic gastritis to
atrophy and intestinal metaplasia, and its expression is upregulated considerably in gastric
epithelial cells following eradication of H. pylori. 13

Our previous observations have suggested that the pleiotropic actions of AMP-18 are
receptor-mediated. 7 Several signaling pathways are activated in cells exposed to AMP
peptide (unpublished results). To better understand the function of AMP-18, and provide a
compelling rationale for using AMP peptide as a therapeutic agent for diseases of the GI
tract and oral mucosa, we set out to identify and characterize the AMP-18 receptor(s) and
signaling pathways that mediate its function and ability to target specific TJ proteins. In the
present study CCKBR was identified as a putative receptor for AMP-18 based on binding,
colocalization and functional studies.

Experimental Procedures
Recombinant human AMP-18

Full-length recombinant human (rh) AMP-18 with a His6 tag at the N-terminus, or His6 and
Flag tags at N- and C-termini respectively were prepared by GenScript (Piscataway, NJ) as
instructed. Briefly, the coding sequence was cloned into an E. coli expression vector,
pGSE3, and the expressed protein was purified from 5 liters of culture medium by affinity
column chromatography. Purity of the protein was estimated to be >80% using Coomassie
blue staining of a gel after SDS-polyacrylamide gel electrophoresis (PAGE). RhAMP-18
selectively bound to cobalt agarose beads was used in a pull-down assay as described below.

Murine model of oral mucositis
Anesthetized (ketamine, xylazine) female BDF-1 mice (~ 18 gm) received a single dose of
radiation of 30 Gy to the snout on day 0 to induce oral mucositis. This strain of mice was
chosen because it had been used by Farrell et al. to demonstrate that keratinocyte growth
factor-1 induced epithelial thickening of the oral mucosa. 14 AMP peptide (25 mg/kg) was
administered subcutaneously (s.c.) once daily four days before radiation and continued until
day 10 afterwards. Mucositis was evaluated by histological evaluation of the tongue on day
10. This dose was chosen because previous studies demonstrated that it induced thickening
(hyperplasia and hyperkeratosis) of the oral epithelium (but not duodenum) in a dose-
dependent manner. This protocol was approved by the Animal Care and Use Committee and
performed at Biomodels (Watertown, MA).

Cell culture, protein extraction, immunoprecipitation and immunoblotting
Various epithelial cell lines, either normal or transformed, were used, including HaCaT,
human oral squamous cell carcinoma (OSCC)-3 cells, and IEC-18 cells. HaCaT cells are a
spontaneously transformed keratinocyte cell line from histologically normal skin. 15 IEC-18
is a nontransformed epithelial cell line derived from normal rat ileum. 16 Human embryonic
kidney 293T cells were used in transfection experiments.

Cells were maintained in DMEM (Invitrogen) containing 10% fetal calf serum (FCS)
(Invitrogen) supplemented with penicillin and streptomycin, and were grown in a humidified
incubator with 5% CO2 at 37°C. To prepare cell lysates, monolayer cultures were washed
twice with ice-cold phosphate-buffered saline (PBS) and lysed on ice for 30 min in lysis
buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM
NaCl, 100 mM NaF, 10% glycerol, 10 mM EDTA) containing protease and phosphatase
inhibitors (2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride, 50 µg/ml
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antipain, 1 µg/ml aprotinin, 1 µg/ml leupeptin, and 1 µg/ml pepstatin). Cell lysates were
clarified by centrifugation at 14000 × g for 15 min at 4°C. Protein concentration was
determined by BCA assay (Pierce). For immunoblotting assays, 30 to 50 µg protein/lane
was resolved by SDS-PAGE and transferred onto Immobilon membranes (Millipore,
Bedford, MA) followed by incubation with designated antibodies. Immunoreactive bands
were visualized using chemiluminescence (ECL, Amersham Biosciences). When reprobed,
blots were first stripped with a buffer containing 50 mM Tris-HCl, pH 6.8, 2% SDS, and 0.1
M 2-mercaptoethanol. The following primary antibodies were used for immunoblotting:
anti-CCKBR and anti-His antibodies (Santa Cruz Biotechnology), anti-phosphorylated ERK
and p38 MAPK antibodies (Cell Signaling), and anti-actin antibody (Sigma).

To immunoprecipitate CCKBR, total cell lysates were pre-cleared with protein G beads and
then incubated with anti-CCKBR antibody and protein G beads. For co-
immunoprecipitation, 2 µg/ml His-tagged rhAMP-18 was added. After incubation overnight
at 4°C, the immunocomplexes bound to the protein G beads were washed 5 times with lysis
buffer. The bound proteins were then subjected to immunoblotting with an anti-His
antibody. Fifty ng rhAMP-18 was included in a separate lane on the immunoblot as a
control. Alternatively, a reciprocal co-immunoprecipitation was performed under the same
conditions by incubating rhAMP-18 with pre-cleared total cell lysate from HaCaT followed
by incubation with agarose-conjugated anti-His antibody.

Protein pull-down assay
Proteins bound to rhAMP-18 protein were pulled-down using the ProFound Pull-Down
Protein Interaction Kit (Thermo Fisher Scientific Inc., Rockford, IL) according to the
manufacturer’s instructions. His-tagged rhAMP-18 protein was immobilized on cobalt
agarose beads by incubation at 4°C for 1 h. The beads were washed 6 times at the end of the
incubation to remove unbound rhAMP-18 protein. After pre-clearing, cell membrane
extracts prepared from cultured HaCaT cells by differential centrifugation were incubated
with the immobilized rhAMP-18 overnight at 4°C. After washing 6 times, the binding
proteins were selectively eluted with imidazole elution buffer, resolved by SDS-PAGE, and
subjected to silver staining (SilverSNAP Stain for Mass Spectrometry kit, Thermo
Scientific). Bands of interest were then excised and identified by mass spectrometric
analysis in the University of Chicago Proteomics Core Laboratory, as described below.

Mass spectrometric analysis
Bands excised from SDS-PAGE gels were cut into approximately 1-mm3 pieces, washed in
water, and completely destained with 100 mM ammonium bicarbonate (pH 7.5) in 50%
acetonitrile. A reduction step was performed by addition of 100 µl of 50 mM ammonium
bicarbonate (pH 7.5) and 10 µl of 20 mM Tris(2-carboxyethyl)phosphine (TCEP), and
allowed to reduce at 37°C for 30 min. An alkylation step was performed on the gel bands by
addition of 100 µl of 50 mM iodoacetamide and allowed to react in the dark for 30 min.
Bands were washed in water, dried with acetonitrile, and then in a SpeedVac for 10 min.
Digestion was carried out using sequencing grade modified trypsin (40 ng/µl) (Promega) in
50 mM ammonium bicarbonate (pH 7.5). Sufficient trypsin solution was added to swell the
gel pieces which were kept at 4°C for 45 min and then incubated at 37°C overnight. Peptides
were extracted from the gel pieces with 5% formic acid and analyzed by LC-MS/MS on a
Thermo Electron linear ion trap mass spectrometer (LTQ) (Thermo Electron Corp., San
Jose, CA), equipped with a nano-electrospray ion source (New Objective, Inc., Woburn,
MA) and operated in positive ion mode. A Dionex U-3000 Ultimate (Bannockburn, IL) nano
LC system was used to provide the gradient for elution of the peptides. The sample was
injected onto a Dionex Acclaim PepMap100 C18 column (5 µm, 100 Å, and 300 µm×5 mm)
at 50 µl/min. Chromatographic separation was performed on an Agilent Zorbax 300SB-C18
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column (3.5 µm, 75 µm×150 mm) by eluting with 0.1% formic acid in 95% water, 5%
acetronitrile (mobile phase A) and 0.1% formic acid in 95% acetonitrile, 5% water (mobile
phase B). A linear gradient from 15 to 45% mobile phase B for 30 min at a flow rate of 250
nL/min was applied. The LTQ spray voltage was 2.0 kV and the capillary temperature was
set at 200°C. A survey full scan (m/z = 400–2000) was acquired in which the four most
intense ions were selected for a zoom scan to determine the charge state. If the charge state
was determined to be greater than +1, MS/MS was triggered with minimum signal required
(1000), isolation width of 2.0, normalized collision energy of 35 eV, activation Q 0.25 and
activation time of 30 ms. The dynamic exclusion list was restricted to 250 entries with
duration of 60s. Mass spectrometry data was acquired with Xcalibur software.

Rho activation assay
Cells were cultured to approximately 80% confluence and treated with rhAMP-18 in the
presence or absence of a CCKBR inhibitor, YM022 (Tocris Bioscience, Ellisville,
Missouri), or left untreated. After treatment, cells were rinsed twice with ice-cold PBS and
lysed in Mg2+ lysis buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 1% Igepal CA-630, 10
mM MgCl2, 1 mM EDTA and 2% glycerol) on ice. Cell lysates were then cleared by
centrifugation (5 min, 14000 ×g, 4°C). Rho protein was pulled down by adding Rhotekin
RBD conjugated to agarose beads. An aliquot of untreated cell lysates was loaded with
GTPγS as a positive control. The reaction was incubated for 1 h at 4°C with gentle agitation.
The agarose beads were then washed 3 times with Mg2+ lysis buffer and bound proteins
were dissolved in Laemmli reducing sample buffer and boiled for 5 min. Proteins were
resolved using SDS-PAGE and transferred onto Immobilon membranes followed by
immunoblotting assays with anti-Rho antibodies. Aliquots of original cell lysates were
subjected to immunoblotting assays with an anti-actin antibody to confirm equal loading.

Cell transfection, treatment and immunofluorescence microscopy
CCKBR was expressed in 293T cells using pBabe-CCKBR (generously provide by Dr.
Thomas V. O. Hansen, Rigshospitalet, Denmark). An empty pBabe vector was introduced
into 293T cells as a control. For immunofluorescence staining, cells were grown on poly-
lysine-coated coverslips and fixed with 4% paraformaldehyde at room temperature for 10
min followed by permeabilization with cold methanol for 10 min at −20°C. Cells were
incubated with rhAMP-18 overnight at 4°C and unbound rhAMP-18 was thoroughly washed
away. Cells were stained with anti-His or anti-Flag (Sigma), or anti-CCKBR antibodies,
which were then detected with Alexa 594-conjugated anti-rabbit, Alexa 488-conjugated anti-
goat or mouse IgG, or Alexa 647-conjugated anti-mouse IgG (Invitrogen). Sections were
observed and imaged using a fluorescence-equipped Olympus microscope.

Cell viability and growth were assessed by using the WST-1 reagent (BioVision, Mountain
View, CA), which measures the cleavage of the tetrazolium salt WST-1 to formazan by
mitochondrial dehydrogenases. 17

Results
AMP peptide prevents development of oral mucositis induced by acute radiation injury

Murine oral mucositis in the snout was induced by a single dose of radiation. AMP peptide
(25 mg/kg) was administered once daily four days before radiation and continued until day
10. Mucositis was evaluated by histological evaluation of the tongue on day 10. The
majority of saline-treated control mice (n=8) had complete loss of tongue epithelium in
addition to significant connective tissue pathology (e.g., muscle necrosis) compared to
normal mouse tongue (Fig. 1, top panels vs. bottom panels), and the effect was more
pronounced on the dorsal than the ventral surface of the tongue. In contrast, mice treated
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with AMP peptide (n=8) showed more intact epithelial and connective tissue histology (Fig.
1, middle panels); 3 of 8 specimens appeared normal. In addition, there was no evidence of
any toxicity associated with administration of the peptide.

AMP peptide is a mitogen for the HaCaT cells
To determine if cells used to model the stratified squamous epithelium of the oral mucosa
could respond directly to AMP peptide in culture to permit future mechanistic studies, we
asked if the peptide was mitogenic for HaCaT cells. 15, 18, 19 These Human, adult, (low
concentration of) Calcium, elevated Temperature keratinocytes (HaCaT) are an
immortalized but nontumorigenic epithelial cell line derive from histologically normal
human skin. Fig. 2 shows that AMP peptide stimulated growth of HaCaT cells in a dose-
dependent manner at approximately the same half-maximal concentration we reported for
epithelial cells of the intestine and stomach. 7

AMP-18 binds to the surface of oral mucosal cells in normal human tissue
To investigate whether an AMP-18 receptor is expressed in human oral mucosal tissue and
localize the receptor sites, 5-µm sections of archived normal human oral mucosal tissue
were incubated with His6-tagged rhAMP-18. As shown in Fig. 3, both a commercial anti-
His antibody and our anti-rhAMP-18 rabbit monospecific antibody immunolocalized to
putative AMP-18 receptors on the plasma membranes of oral keratinocytes.

Cholecystokinin-B/Gastrin receptor is identified as a putative receptor for AMP-18
To identify and characterize the cell surface receptor for AMP-18 we set out with an affinity
purification strategy. In a pilot immunofluorescence staining study, significant binding of
rhAMP-18 was detected on the surface of HaCaT cells, whereas no remarkable binding was
detected on 293T cells (data not shown). Membrane extracts were prepared and pre-cleared
from cultured HaCaT cells, and then incubated with His-tagged rhAMP-18 protein
immobilized on cobalt agarose beads to capture a putative receptor while membrane extracts
prepared in parallel from 293T cells served as a negative control. After extensive washing,
the captured proteins were resolved by SDS-PAGE followed by silver staining (Fig. 4). As
shown on the silver-stained gel, (Fig. 4, left panel) two bands (75 and 37 kDa in size) were
observed in HaCaT cells, but were not readily detected in 293T cells, or a HaCaT cell
control sample containing only membrane proteins and agarose beads but no His-tagged
rhAMP-18 protein.

In a second experimental strategy, aliquots of original membrane protein extracts were
resolved on an SDS-PAGE gel and transferred onto an Immobilon membrane. The blot was
then incubated with His-tagged rhAMP-18 (2 µg/ml) overnight at 4°C, washed, and
analyzed by immunoblotting with an anti-His antibody (Fig. 4, right panel). Consistent with
the silver-stained gel, two bands at 75 and 37 kDa were observed in HaCaT cells but not in
293T cells. These two bands were then excised from the silver-stained gel, digested with
trypsin, and the resultant peptides were subjected to mass spectrometric analysis to identify
a potential receptor.

Mass spectrometry analysis of the 75 kDa band identified CCKBR. CCKBR is a G-protein
coupled receptor (GPCR) for cholecystokinin (CCK) and gastrin 20. It is primarily found in
cells of the GI tract and central nervous system. Another protein identified in the 75 kDa
band was a Rho guanine nucleotide exchange factor (GEF), GEF7. Rho GTPases are
important components of GPCR-mediated signaling pathways that control many aspects of
cell function such as cytoskeletal organization, cell migration, cell-cell and cell matrix
adhesion, cell cycle progression, gene expression, and cell polarity. 21 The involvement and
importance of GEF7 and Rho GTPases in AMP-18 activated CCKBR signaling is under
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investigation. Analysis of the 37 kDa band identified several proteins, including Heat-Shock
Protein (HSP) 40 (DnaJ homolog). This role of this protein in CCKBR regulation and
function is not known at present, however, it has been shown to regulate trafficking of other
GPCRs. 22

Expression of CCKBR was subsequently confirmed by immunoblotting assays of HaCaT,
IEC-18, and OSCC-3 cells (Fig. 5, panel A), although the molecular size of the receptor
varied slightly. This may be due to different degrees of glycosylation and/or phosphorylation
since CCKBR has multiple sites (3–4 potential N-linked glycosylation sites in the N-
terminus) that can undergo these modifications, and it has been suggested that the extent of
CCKBR glycosylation differs in different cell types. 23–25 For example, CCKBR isolated
from canine parietal cells displays an apparent size of 76 kDa, while CCKBR in canine
pancreatic membranes is approximately 47 kDa. The bovine CCKBR appears as a 42 – 47
kDa protein in pancreatic membranes, but is expressed as an 82 kDa protein in African
green monkey kidney COS-7 cells. 24 Alternatively, splice variants have been reported for
CCKBR, although their functional significance remains to be thoroughly defined. 26

The interaction between CCKBR and AMP-18 was confirmed using a co-
immunoprecipitation assay. A total cell lysate from IEC-18, HaCaT or OSCC-3 cells was
immunoprecipitated with an anti-CCKBR antibody and protein G beads in the presence of 2
µg/ml His-tagged rhAMP-18. After incubation and extensive washing, rhAMP-18 in the
immunocomplexes was detected by immunoblotting with an anti-His antibody. As shown in
Fig. 5, panel B, rhAMP-18 was pulled-down by CCKBR in all three cell lines, indicating
that AMP-18 could be a ligand for CCKBR. The interaction between CCKBR and
rhAMP-18 was also seen in a reciprocal co-immunoprecipitation in which rhAMP-18 was
incubated with a pre-cleared HaCaT total cell lysate followed by incubation with agarose-
conjugated anti-His antibody (Fig. 5, panel C).

Colocalization of AMP-18 and CCKBR
To determine if the interaction between AMP-18 and CCKBR occurred on the cell surface,
CCKBR was expressed in 293T cells. Cells were fixed, incubated with rhAMP-18 overnight
at 4°C, and then stained for AMP-18 with an anti-His or anti-Flag antibody, and for CCKBR
with an anti-CCKBR antibody. As shown in Fig. 6, CCKBR was expressed on the surface of
293T cells (left panels, blue). When cells were incubated with rhAMP-18, binding of
AMP-18 on the surface of CCKBR-expressing cells was observed (middle panels, red). In
contrast, control 293T cells did not demonstrate significant and specific staining of CCKBR
and rhAMP-18. Furthermore, the staining of CCKBR, and rhAMP-18 with either an anti-His
or anti-Flag antibody, co-localized on the surface of transfected cells (right, merged,
purple). These observations, together with the co-immunoprecipitation results shown in Fig.
5, strongly suggest that CCKBR can serve as a cell surface receptor for AMP-18.

AMP-18 stimulation of CCKBR function
To find out if AMP-18 exerts its effects through CCKBR activation of signaling pathways
we studied the cell response to AMP-18 in the presence or absence of a potent and selective
CCKBR antagonist, YM022. 27 HaCaT or IEC-18 cells were pretreated or untreated with 50
nM YM022 prior to exposure to 2 µg/ml rhAMP-18. As shown in Fig. 7, treatment of
HaCaT cells with rhAMP-18 stimulated ERK activation (Fig. 7, panel A), but not p38
MAPK (data not shown). In contrast, treatment with rhAMP-18 stimulated p38 MAPK
phosphorylation in IEC-18 cells (Fig. 7, panel B), while ERK was not significantly affected
(data not shown). In both cell types, pretreatment with YM022 completely inhibited the
activation response. These data suggest that AMP-18 can activate cell signaling via
CCKBR, but may utilize diverse pathways in different types of cells.
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Rho GTPases are known to be an important component in CCKBR-mediated signaling.
They can regulate cytoskeletal organization, cell migration, cell-cell and cell matrix
adhesion, and could thereby contribute to AMP-18 mediated protection of the GI or oral
mucosal barrier by targeting TJs. 5 Rho activation was studied in IEC-18 cells after
treatment with rhAMP-18 in the presence or absence of YM022 (Fig. 7, panel C). Treatment
with rhAMP-18 activated Rho, while pretreatment with YM022 significantly inhibited the
response.

Confirmation of AMP-18 as a physiological ligand that activates cell growth and viability
via CCKBR was sought by comparing its effects on 293T cells that did or did not express
the receptor. CCKBR-expressing 293T cells and control 293T cells (transfected with an
empty vector) were grown in medium with 0.5% FBS in the presence of increasing
concentrations of rhAMP-18. Cell viability was evaluated with WST-1 cell proliferation
reagents. AMP-18 enhanced viability and growth in CCKBR-expressing cells compared to
cells that did not express the receptor (Fig. 8).

Discussion
OM associated with cytotoxic cancer therapy remains a common, devasting, unmet clinical
problem. However, current agents used to treat OM provide only symptomatic relief, so new
agents are needed for this condition. Therefore we set out to investigate the therapeutic
effects of AMP peptide on OM based on its capacity to maintain epithelial barrier function
and structure.

AMP-18 is a protein constitutively expressed in epithelial cells of the gastric antrum that is
cell protective, mitogenic and motogenic in cell culture and in vivo. Treatment with AMP
peptide protected the surface epithelium of the mouse oral mucosa (Fig. 1). AMP-18 peptide
stimulates growth of diverse types of epithelial cells including HaCaT cells (Fig. 2). It
appears to exert its pleiotropic effects via a cell surface receptor (Fig. 3) 7, shown here to be
CCKBR. CCKBR was identified by mass spectrometry of HaCaT membrane proteins that
selectively bound to an immobilized His-tagged rhAMP-18 fusion protein following affinity
purification (Fig. 4). AMP-18 also interacted with CCKBR to form complexes that were
pulled–down by CCKBR immunoprecipitation (Fig. 5). Immumofluorescence staining
revealed that AMP-18 colocalized with CCKBR on the surface of transfected cells (Fig. 6).
Functional assays performed in GI epithelial cell lines and/or CCKBR-transfected 293T
cells showed that rhAMP-18 activated Rho and MAPK signaling pathways that were
blocked by a CCKBR-specific antagonist, YM022, and also enhanced cell viability and
growth (Figs. 7, 8).

The mucosal barrier function is mainly regulated by epithelial cells and TJs at the apical-
most domains of the plasma membrane that seal the epithelial cells, which have been shown
to regulate paracellular permeability across the epithelium in monolayer cell cultures and in
vivo. 28 TJs consist of integral membrane proteins including occludin, claudins, and
junctional adhesion molecule (JAM), and multiple cytoplasmic proteins such as zonula
occludens (ZO)-1, ZO-2, cingulin, and others that form the terminal plaque. 29–34 The TJ
transmembrane protein occludin is linked via ZO-1 to the apical perijunctional F-actin ring
enabling TJ and cytoskeletal proteins to regulate paracellular permeability in both
physiological and pathological states. 35–37 In addition, the TJs are also important mediators
of cell adhesion and “outside –in” and “inside-out” signaling pathways that regulate
epithelial proliferation and differentiation. AMP peptide stimulated accumulation of the TJ
proteins occludin and ZO-1 and enhanced the structure and function of TJs. 5 These effects
protected cell monolayers against decreases in TER induced by oxidant injury, and
disruption of actin filaments by cytochalasin D. In addition, AMP peptide stimulated the
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growth of HaCaT cells, which may contribute to the barrier protective function seen in Fig.
1.

In the efforts to better understand the signaling mechanism by which AMP-18 exert its
barrier protective function, CCKBR was identified as a putative receptor for AMP-18.
CCKBR is one of the two known CCK/gastrin receptors: CCKAR and CCKBR. 20 Both
CCK receptors exhibit a three-dimensional structure that is similar to the prototypical
GPCR, rhodopsin. However, the two receptors exhibit a relatively low degree of sequence
homology to each other (50%), demonstrate different tissue distributions and different
affinities towards their endogenous ligands, i.e., CCK and gastrin. 38–41 CCKAR binds and
responds to sulfated CCK more favorably, whereas CCKBR demonstrates a promiscuous
property, binding and responding to gastrin or CCK with nearly the same affinity regardless
of the extent of sulfation. 42, 43 In addition, the binding sites of CCK on CCKAR and
CCKBR are slightly different, and the downstream signaling pathways triggered by receptor
activation are distinct. The sulfated tyrosine residue in CCK plays an important role in
positioning the N-terminus of CCK in the proximity of specific amino acid residues in the
second extracellular loop (Met and Arg residues) and the third extracellular loop, while the
C-terminal appears to be embedded among transmembrane (TM) domains III, V, VI, and
VII in CCKAR. In contrast, a His residue in the second extracellular loop interacts with the
penultimate Asp of CCK, while the C-terminal amidated Phe residue interacts with TM
domains IV and VI in CCKBR. These subtle differences may contribute to the different
signaling and functions of these two receptors. Identifying CCKBR rather than CCKAR as a
receptor for AMP-18 is consistent with the receptor’s relatively low ligand specificity that
could allow AMP-18 to bind. In addition, different splice variants have been reported for
CCKBR, 26, 44 and it is unknown if these variants bind their ligands through different
mechanisms.

The functions and effects of CCK and gastrin binding to CCKBR have been extensively
studied. 20, 45, 46 In response to the engagement of gastrin or CCK to CCKBR, a variety of
signaling pathways are activated. 47–52 Similar to other GPCRs, activation of CCKBR
induces rapid hydrolysis of phosphatidylinositol bisphosphate by phospholipase C (PLC)
family members to generate inositol trisphosphate (IP3) and diacylglycerol (DAG), which
respectively induce calcium mobilization and stimulate several protein kinases C (PKCs).
While CCKAR and CCKBR primarily activate PLCβ, PLCγ is also implicated in CCKBR-
mediated signaling pathways. 52, 53 Activation of PKCs leads to subsequent activation of
MAPK and other signaling pathways.

After cells were treated with rhAMP-18 in the presence or absence of a CCKBR-specific
inhibitor, YM022, the activation of two MAPK signaling pathways, ERK and p38 were
analyzed. ERK activation was induced in HaCaT cells whereas p38 was induced in IEC-18
cells. Both activations were significantly inhibited by YM022, suggesting that AMP-18-
induced signaling pathways may be cell-type specific. Several mechanisms could be
involved in this phenomenon. First, a different modification (e.g., glycosylation) of CCKBR
presented as a different apparent molecular weight may contribute to this cell-type specific
response. Another mechanism might be activation via different PKC isoforms, which has
been documented in physiological and pathological processes of not only the GI tract 54–57

but other tissues. 58, 59 Analogically, AMP-18 may be able to activate distinct signaling
pathways through CCKBR in a manner similar to gastrin. In gastric epithelial cells, binding
of gastrin to CCKBR induces the expression and release of heparin-binding epidermal-like
growth factor (HB-EGF), which subsequently transactivates the EGF receptor and
downstream signaling pathways. 60 In contrast, in intestinal epithelial cells gastrin induces
EGF transactivation via SRC kinase. 61 Activation of the ERK signaling pathway by
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CCKBR in these cells controls proliferation and migration, and participates in
transcriptional regulation of several gastrin-sensitive genes. 46

Regarding the relatively low specificity CCKBR demonstrates towards its ligands,
identification of AMP-18 as a new putative ligand for CCKBR, in addition to gastrin and
CCK, introduces another level of complexity in the regulation and function of CCKBR. The
significance of AMP-18 stimulated signaling relative to that of gastin and CCK is not
known. Major questions that remain to be addressed include how AMP-18 competes with
other ligands in vivo, and whether binding of AMP-18 to CCKBR would stimulate the same
signaling events in a specific cell or tissue. Clearly, small GTPase-mediated pathways
appear worthy of further pursuit. Rho, Rac, and cdc42 have been reported to be activated by
Gα12/13 coupled to CCKBR, 51 which appears to regulate the formation of stress fibers and
modulate cell morphology in response to CCK stimulation. In our study, Rho activation was
induced by AMP-18 treatment in IEC-18 cells and inhibited by the CCKBR specific
inhibitor YM022. This Rho-mediated pathway may be responsible for the capacity of
AMP-18 to re-organize TJs and protect intestinal mucosal barrier function and structure in
monolayer cell cultures and in vivo. 5 Furthermore, activation of Rho proteins is regulated
by Rho GEFs and other regulatory proteins, particularly GTPase activating proteins (GAPs)
and guanine nucleotide dissociation inhibitors (GDIs). In our mass spectrometry study of
rhAMP-18 bound proteins we identified Rho GEF 7 (Fig. 4), whose involvement in
AMP-18-activated CCKBR signaling warrants further investigation.

Taken together, our observations suggest that AMP peptide, by activating CCKBR, targets
TJs to maintain mucosal integrity, and sets in motion protective and cell regenerative
mechanisms for the prevention and treatment of OM.
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Fig. 1. Effect of AMP peptide on tongue histology in mice with oral mucositis induced by acute
radiation injury to the snout
Tongues from mice with oral mucositis are shown in the top and middle panels, treated with
saline (vehicle) or AMP peptide, respectively. Bottom panels show epithelial and connective
tissue histology of normal mouse tongue. Formalin fixed, paraffin-embedded tissue was
sectioned and stained with hematoxylin and eosin. X240.
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Fig. 2. AMP peptide is a mitogen for HaCaT cells
Sub-confluent cultures were prepared in DMEM with 5% fetal calf serum (FCS). Medium
was replaced 2 days later with fresh DMEM to which different amounts of AMP peptide
were added. The number of cells in each culture was counted 3 days later. Growth was
stimulated about 40% (P<0.001) by AMP peptide with a half-maximal concentration (K1/2)
of 0.22 µM.
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Fig. 3. Distribution of putative AMP-18 receptors in human oral tissue
Sections (5 µm) of normal human oral mucosal tissue were deparaffinized, subjected to
antigen retrieval, washed with Tris-buffered saline Tween-20 (TBST), blocked using 1%
BSA, and then incubated with His6-tagged rhAMP-18 (+) or vehicle (−) overnight at 4°C.
Then sections were rinsed with TBST, blocked with 0.25% soluble casein, and incubated
with a rabbit anti-His antibody (top panels) or a rabbit anti-rhAMP-18 (bottom panels) for 1
hr at room temperature. The sections were rinsed, and Cy2 donkey anti-rabbit IgG was used
to localize the AMP-18 ligand-receptor complex (green color). Images obtained with a
Fluoview 200 laser scanning confocal microscope (60X) localize rhAMP-18 along the
plasma membranes of keratinocytes (right panels). No signal was detected in tissue sections
incubated in the absence of rhAMP-18 (left panels).
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Fig. 4. Cell membrane proteins that bind to AMP-18
Left panel: Membrane proteins were prepared from HaCaT or 293T cells and then
incubated overnight at 4°C with His-tagged rhAMP-18 protein immobilized on cobalt
agarose beads (labeled as “yes”). Unconjugated cobalt agarose beads (without rhAMP-18)
(labeled as “no”) were also incubated with HaCaT cell membrane extracts as a control. After
extensive washing, interacting membrane proteins were eluted from the beads, resolved by
SDS-PAGE and subjected to silver staining. Two bands were identified in HaCaT cells that
were not readily apparent in HaCaT control or 293T cells. One band was ~75 kDa (←) and a
second faint band was ~37 kDa (←). These two bands were each excised from the silver-
stained gel and analyzed by mass spectrometry. Right Panel: Aliquots of original
membrane protein extracts were resolved on a duplicate SDS-PAGE gel and proteins were
transferred onto Immobilon membranes. The blot was incubated overnight with His-tagged
rhAMP-18 and analyzed by immunoblotting with an anti-His antibody. Bands of ~75 kDa
and ~37 kDa (←) were visualized in HaCaT cells on the blot, but not in HaCaT control or
293T cells. Duplicate lanes for HaCaT cells were included in both panels.
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Fig. 5. Expression of CCKBR in IEC-18, HaCaT and OSCC-3 cells, and coimmunoprecipitation
with rhAMP-18
Panel A. Total cell lysates from IEC-18, HaCaT and OSCC-3 cells were each analyzed
using an immunoblotting assay with an anti-CCKBR antibody. An expected band of 75 kDa
was detected in HaCaT and OSCC-3 cells while a band of slightly higher molecular weight
was observed in IEC-18 cells (see text). Panel B. Total cell lysates from IEC-18, HaCaT or
OSCC-3 cells were each immunoprecipitated with anti-CCKBR antibody and protein G
beads in the presence of 2 µg/ml His-tagged rhAMP-18. After incubation and extensive
washing, the immunocomplexes bound to the beads were resolved by SDS-PAGE and then
subjected to immunoblotting with an anti-His antibody to detect the presence of rhAMP-18
in the ligand-receptor complex. Fifty ng rhAMP-18 was included in a separate lane on the
SDS-PAGE gel as a control (rhAMP-18). Panel C. Reciprocal co-immunoprecipitation was
performed under the same conditions by incubating rhAMP-18 with pre-cleared lysate of
HaCaT cells followed by incubation with an agarose-conjugated anti-His antibody. Since
CCKBR is abundantly expressed in the CNS, mouse brain homogenate (Brain) was used a
positive control.
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Fig. 6. Binding of rhAMP-18 to CCKBR expressed in 293T cells
CCKBR was expressed in 293T cells (293T+CCKBR). Control 293T cells (293T) were
transfected with empty pBaBe vectors (top 3 panels). Cells were grown on poly-lysine-
coated coverslips. Forty-eight hours later the cells were fixed and incubated with His-tagged
or His-and Flag-tagged rhAMP-18 overnight. Expressed CCKBR and bound AMP-18 were
detected and co-localized by double immunofluorescence using an anti-CCKBR antibody
(blue) and an anti-His antibody (red, middle 3 panels), or anti-Flag antibody (red, bottom 3
panels) followed by staining with appropriate Alexa-conjugated secondary antibodies
(purple, merged). The purple merged images suggest colocalization of rhAMP-18 and
CCKBR. Representative images are shown from 3 experiments.
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Fig. 7. Activation of ERK and p38 MAPK signaling pathways and Rho by rhAMP-18 is inhibited
by the CCKBR inhibitor YM022
Cells were grown to approximately 80% confluence, exposed to 50 nM YM022 for 5 min, or
not exposed, and then treated with 2 µg/ml rhAMP-18 for 1 h, or left untreated. After
treatment, total cell lysates were prepared. Thirty to fifty micrograms protein/lane were
resolved by SDS-PAGE and analyzed by immunoblotting assays for the phosphorylation of
ERK and p38 MAPK (A and B). For Rho activation assays, IEC-18 cell lysates prepared in
Mg2+ lysis buffer were used (C). An aliquot of untreated IEC-18 cell lysate was loaded with
GTPγS to serve as a positive control (GTP control). Immunoblotting assays with anti-actin
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antibodies were included to demonstrate equal loading. Representative results from 2–3
experiments are shown.

Chen et al. Page 21

Oral Oncol. Author manuscript; available in PMC 2012 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 8. AMP-18 enhances viability and growth of CCKBR-expressing 293T cells
CCKBR-expressing 293T cells (293T+CCKBR) or control empty vector transfected 293T
cells (293T) were grown in medium with 0.5% FBS in the presence of different
concentrations of rhAMP-18 for 48 h. Cell viability and growth was measured and
compared using WST-1 cell proliferation reagents. Values shown are means ± SE (n = 6
cultures). Treatment of CCKBR-expressing cells with rhAMP-18 promoted viability and
growth by 20 – 25%.
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