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The overexpression of insulin-like growth factor re-
ceptor-I (IGF-IR) and the activation of its signaling
pathways both play critical roles in the development
and progression of gastric cancer. Dopamine (DA), a
major enteric neurotransmitter, has been reported to
have a wide variety of physiological functions in the
gastrointestinal tract, including the stomach. We have
previously reported that both DA and tyrosine hy-
droxylase, the rate-limiting enzyme required for the
synthesis of DA, are lost in malignant gastric tissues.
The effect of this loss of DA on IGF-IR-induced growth
of gastric cancer has not yet been elucidated; we
therefore investigated the role of DA, if any, on IGF-
IR-induced proliferation of malignant gastric cells.
There was a significant increase in the expression of
phosphorylated IGF-IR and its downstream signaling
molecule AKT in human malignant gastric tissues
compared with normal nonmalignant tissues. Fur-
thermore, to determine whether this loss of DA has
any effect on the activation of IGF-IR signaling pathways
in malignant gastric tumors, in vitro experiments were
undertaken, using AGS gastric cancer cells. Our results
demonstrated that DA acting through its D2 receptor,
inhibits IGF-I-induced proliferation of AGS cells by

up-regulating KLF4, a negative regulator of the cell
cycle through down regulation of IGF-IR and AKT
phosphorylation. Our results suggest that DA is an
important regulator of IGF-IR function in malignant
gastric cancer cells. (Am J Pathol 2010, 177:2701–2707;

DOI: 10.2353/ajpath.2010.100617)

Among the different growth factors influencing the initia-
tion, progression, and metastasis of gastric cancer, the
insulin-like growth factor (IGF)/insulin-like growth factor
receptor- I (IGF-IR) axis plays a critical role in the stimu-
lation of gastric cancer cell proliferation, survival, angio-
genesis, and resistance to apoptosis.1–3 The phosphati-
dylinositol 3-kinase (PI3K)/AKT pathway is one of the
major intracellular pathways in the IGF system that is
frequently activated in cancer cells.4–8 Clinically, overex-
pression of IGF-IR has been reported in several human
cancers, including stomach.9–13

Dopamine (DA) as a neurotransmitter controls a wide
variety of physiological functions in the central nervous
system. Evidence also indicates that a considerable
amount of DA is synthesized in the stomach.14,15 DA in
the gastrointestinal tract stimulates exocrine secretions,

Supported by the Department of Science and Technology grant (SR/SO/
HS-23/2004), Government of India grant (P.S.D.G. and S.B.), National
Institutes of Health grants CA118265 (S.B.) and CA124763 (S.B.), Depart-
ment of Defense grant W81XWH-07-1-0051 (S.B.), and an award from the
Prevent Cancer Foundation. This work was also supported by CSIR,
Government of India Fellowship 9/30(54)/2009-EMR-1(S.S.).

Accepted for publication August 9, 2010.

Address reprint requests to Partha Sarathi Dasgupta, Ph.D., Signal
Transduction and Biogenic Amines Department, Chittaranjan National
Cancer Institute, 37 S.P. Mukherjee Road, Kolkata 700026, India; or Sujit
Basu, M.D., Ph.D., Department of Pathology and Arthur G. James Cancer
Center, 166 Hamilton Hall, 1645 Neil Avenue, Columbus, OH 43210. E-mail:
partha42002@ yahoo.com or sujit.basu@osumc.edu.

The American Journal of Pathology, Vol. 177, No. 6, December 2010

Copyright © American Society for Investigative Pathology

DOI: 10.2353/ajpath.2010.100617

2701



inhibits gut motility, modulates sodium absorption and
mucosal blood flow, and is protective against gastroduode-
nal ulcer disease.16–20 DA acts on target cells through its
different receptor subtypes, like D1 (D1 and D5) and D2 (D2,
D3, D4) that are expressed throughout the gastrointestinal
tract.21–23 Our previous reports have shown that in human
malignant gastric tumor tissues, concentrations of DA and
its rate- limiting synthesizing enzyme tyrosine hydroxylase
(TH) were significantly reduced or absent in comparison to
normal gastric tissues.24 However, to date, no information is
available regarding the effect of this neurotransmitter on
IGF-IR signaling through the PI3K/AKT pathway in relation
to the regulation of human gastric adenocarcinoma cell
proliferation.

Our results indicate the overexpression of phosphory-
lated IGF-IR and its downstream signaling molecule AKT
in human gastric adenocarcinoma tissues. Therefore, to
correlate this present observation with our previous find-
ing that DA and its synthesizing enzyme TH was lost in
human gastric tumor tissues, in vitro experiments were
carried out in a human gastric adenocarcinoma cell line,
AGS, which expresses the DA D2 receptor and IGF-IR.
Stimulation of D2 with its specific D2 receptor agonist,
quinpirole, inhibited IGF-I-induced AGS cell proliferation
by up-regulating KLF4, a negative regulator of the cell
cycle,25 through the down-regulation of IGF-IR and
downstream AKT phosphorylation.

Materials and Methods

Patient Characteristics

Fifty gastric cancer patients of both sexes (male � 43;
female � 7) with a median age of 50 (30–79) years were
selected. Malignant gastric tumor tissues were taken dur-
ing surgery from different cancer patients. Additionally,
nontumorous tissues were collected from biopsy speci-
mens that were free of tumors. All tissue samples were
confirmed histologically. The protocol to obtain tissue
samples for this study was approved by the Institutional
Review Board, and the diagnosis of all samples was
confirmed histologically.2

Immunohistochemistry

In brief, 4-�m-thick sections were deparaffinized in xy-
lene and rehydrated in a graded ethanol series; sections
were then subjected to heat-induced epitope retrieval by
immersion in a 0.01 M citrate buffer (pH 6). Endogenous
peroxidise activity was blocked for 15 minutes in 3%
hydrogen peroxide in methanol. Nonspecific binding was
blocked by treatment with 3% bovine serum albumin for
30 minutes at room temperature. The slides were then
incubated overnight with primary antibody at 4°C in a
humidified chamber. In the present study, rabbit poly-
clonal anti-phospho IGF-IR antibody and anti-pAKT anti-
body (Ser473) (Santa Cruz Biotechnology, Santa Cruz,
CA) were used. All primary antibodies were diluted to a
concentration of 1:50. Sections were incubated with sec-
ondary antibody conjugated with biotin (Santa Cruz Bio-

technology) for 30 minutes. Immunodetection was per-
formed using the avidin-biotin complex kit (Vector
Laboratories, Burlingame, CA) as per the manufacturer’s
protocol.26–28 Immunohistochemical results were quanti-
fied using ImageJ software (National Institues of Health,
Bethesda, MD).

Cell Lines and Culture Conditions

The AGS cell line was obtained from the American Type
Culture Collection (Manassas, VA). AGS cells were grown
in F12K medium supplemented with 1500 mg/L NaHCO3,
2 mmol/L L-glutamine, 10% (v/v) fetal bovine serum, 100
�g/ml streptomycin, and 100 IU/ml penicillin at 37°C with
saturating humidity and 5% CO2.25

Immunoprecipitation and Immunoblotting

Protein extracts from cells of various experimental groups
were immunoprecipitated with different antibodies, and
immunoprecipitates were captured on protein A-agarose
beads. The immunocomplexes were subjected to SDS-
PAGE and then transferred to polyvinyl difluoride mem-
branes (Millipore, Bedford, MA) and immunoblotted. Pri-
mary antibodies used were anti-IGF-IR (Cell Signaling
Technology, Beverly, MA), anti-AKT1/2/3, anti-p-AKT,
and anti-phospho IGF-IR (Santa Cruz Biotechnology).
Antibody-reactive bands were detected by enzyme-
linked chemiluminescence. (Pierce ECL, SuperSignal,
Pierce Biotechnology, Rockford, IL).29,30

ELISA

Tissue sample and reagent preparation and assays were
performed following the instruction manual for STAR
phospho IGF-IR ELISA Kit (Upstate Biotechnology, Lake
Placid, NY).31

RT-PCR

Total RNA was extracted by RNA isolation kit following the
manufacturer’s protocol (Ambion, Austin, TX). Reverse tran-
scription followed by PCR was carried out in a DNA thermal
cycler (Gene Amp-9700; Applied Biosystems, Foster City,
CA) with KLF4 receptor primers. The sequence for primers
for KLF4 was described previously25 as follows: KLF4 for-
ward: 5�-GGCGCTGGACCCCCTCTC-3�; and KLF4 re-
verse: 5�-GCAGCCCGCGTAATCACAAGT-3�.

Cell Proliferation Assay

Thymidine incorporation assay was performed to deter-
mine the optimum dose for inhibition of AGS cell prolifer-
ation following D2 stimulation by quinpirole and the con-
centration of IGF-I that induces maximum proliferation of
AGS. Cells were plated in 96-well plates and, 24 hours
later, were exposed to a range of drug concentrations.
After 48 hours at 37°C, cells were pulsed with 4 �Ci/ml
[3H]thymidine. After 8 hours, cells were trypsinized, har-
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vested onto UniFilter-96 GF/B plates (Perkin-Elmer, Bos-
ton, MA), and counted on a 1209 RACK BETA liquid
scintillation counter. [3H]Thymidine uptake by the prolif-
erating cells was proportional to counts per minute.30

Cell Cycle Analysis

AGS cells were harvested by trypsinization and washed
three times with PBS. The cells were suspended in sup-
plemented F-12K medium containing 4 mg/ml DNase
(type I bovine pancreatic DNase; Sigma-Aldrich, St.
Louis, MO) and incubated at 37°C for 10 minutes, fol-
lowed by washes in PBS and resuspended in 200 ml
PBS. An addition of 2 ml of ice-cold 70% ethanol (30%
distilled water) was performed and the samples left on ice
for at least 30 minutes. The cells were then harvested by
centrifugation at 300 � g for 5 minutes and resuspended
in 400 ml of PBS (pH 7.3). One hundred microliters of
RNase I (1 mg/ml) and 100 �l propidium iodide (400
mg/ml; Sigma-Aldrich) solutions were added and incu-
bated at 37°C for 30 minutes in a water bath. Samples
were immediately measured by flow cytometry using
(FACSCalibur; BD Biosciences, San Jose, CA).32

Small Interfering RNA Transfection

AGS cells were plated in 6-well plates at a density of 2 �
105 cells/well in 2 ml of antibiotic-free normal growth me-
dium supplemented with FBS and allowed to attach over-
night. The cells were then transfected with AKT 1 small
interfering (si)RNA (h). Transfection was performed using
siRNA transfection medium and siRNA transfection reagent
(Santa Cruz Biotechnology) as per the manufacturer’s in-
struction. Following transfection, the cells were left to grow
for 48 hours and analyzed by Western blot and immunoflu-
orescence staining using appropriate protocols.33

Statistical Analysis

Data are means of at least six different experiments � SD
Student’s t-test was used to compare the result. Correla-
tions between quantitative variables were established
through Pearson Correlation coefficient. A P value �0.05
was considered statistically significant.34

Results

Overexpression of Phosphorylated IGF-IR in
Human Malignant Gastric Tissues

Status of phosphorylated IGF-IR has been determined in
malignant gastric and normal nonmalignant tissues by im-
munohistochemistry, Western blot, and ELISA. Immunohis-
tochemical analysis showed significantly higher expression
of phosphorylated IGF-IR in primary gastric adenocarci-
noma tissues compared with adjacent nontumorous areas
(Figure 1A). Phospho-IGF-IR expression was localized in
the cytoplasm and membrane of the malignant glands (Fig-
ure 1B). Quantitative analysis confirmed significant higher

percentage area of phospho IGF-IR-positive cells in gastric
tumor tissues compared with normal gastric tissues (Figure
1C). In addition to these immunohistochemical studies, im-
munoprecipitation followed by immunoblot (Figure 1D), and
quantitative ELISA (Figure 1E) also indicated significantly
higher levels of phospho-IGF-IR in gastric tumor samples in
comparison to normal samples from the same patients.
Total IGF-IR level was also significantly high in gastric ad-
enocarcinoma tissues compared with normal gastric tis-
sues (Figure 1F).

Overexpression of Phosphorylated AKT in
Human Malignant Gastric Tissues

In the present investigation, since significant higher
phosphorylation of IGF-IR was detected in malignant

Figure 1. Overexpression of phospho-IGF-IR and phospho-AKT in malignant
gastric tissue. A: Immunohistochemical staining showing overexpression of
phospho-IGF-IR in the majority of the tumor cells in the invasive malignant
glands in the deeper region of the mucosa as indicated by (T) compared with the
adjacent superficial nonmalignant glands (N). Original magnification, �40. B:
Tumor cells are strongly positive for phospho-IGF-IR antibody showing intense
membrane and cytoplasmic staining indicated by arrows as shown in higher
magnification (�300). D and F: Immunoprecipitation followed by immunoblot
shows phospho-IGF-IR and total IGF-IR expression levels were significantly
higher in gastric cancer tissues compared with matched normal tissue prepara-
tions from the same patients. Results are representative of six separate experi-
ments. E: The concentration of phospho-IGF-IR in gastric cancer tissues as
determined by ELISA was significantly higher (24.64 � 0.1315 U/ml, P � 0.001)
compared with that in normal tissues (8.994 � 0.0904 U/ml). The bar graph is
representative of six separate experiments. H: Representative example of mu-
cosa from patients with gastric cancer showing higher expression of phospho-
AKT than normal mucosa (�100) (G). J: Intense positive nuclear staining for
phospho-AKT as indicated by arrows in the mucosal epithelial cells of the
malignant glands (�300). C and I: Bar graphs represent percentage area of
phospho-IGF-IR and phospho-AKT-positive cells, respectively *P � 0.05.
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gastric tissues compared with their histologically proven
normal nonmalignant tissues, we therefore investigated
whether IGF-IR/AKT signaling pathway is functional in
these tissues. Results indicated that in addition to in-
creased expression of phosphorylated IGF-IR, there was
also increased expression of phosphorylated AKT in the
gastric malignant tumor tissues in comparison to normal
nonmalignant gastric tissues. Image analysis also showed
significantly higher percentage area of phospho AKT-
positive cells in primary gastric tumor tissues than normal
gastric tissues (Figure 1G–J).

In addition, phosphorylation of IGF-IR also had signif-
icant positive correlation with its downstream signaling
molecule AKT (Pearson, P � 0.505; P � 0.01) in malig-
nant gastric tissues when compared with normal nonma-
lignant tissues.

In Vitro Activation of DA D2 Receptors
Inhibited IGF-I-Mediated Human Gastric
Adenocarcinoma, AGS Cell Proliferation

To correlate our observation on overexpression of phos-
phorylated IGF-IR in human gastric adenocarcinoma tis-
sues with our previous findings that DA and its rate-
limiting synthesizing enzyme TH was lost in human
gastric tumor tissues,24 in vitro experiments were then
undertaken in the human gastric adenocarcinoma cell
line AGS. When these cells were stimulated with IGF-I in

serum-free medium, the proliferation of AGS significantly
increased in a dose-dependent manner, reaching a peak
at 20 ng/ml (Figure 2A). However, following pretreatment
of these tumor cells with different (D1–D5) DA receptor
agonists, only the DA D2 receptor agonist, quinpirole,
significantly inhibited IGF-I (20 ng/ml)-induced AGS cell
proliferation, and the maximum inhibition was observed
at the 800 nmol/L concentration (Figure 2B). Other classes
of DA receptor agonists did not elicit any significant effect
on IGF-I-induced AGS cell proliferation (data not shown). To
further confirm the specificity of DA D2 receptor-mediated
inhibition of IGF-I-induced AGS cell proliferation, these cells
were pretreated with a specific DA D2 receptor antagonist,
eticlopride (80 �mol/L), followed by DA D2 receptor agonist
quinpirole (800 nmol/L); the inhibitory effect of this agonist
was abrogated (data not shown). Furthermore, FACS anal-
ysis (Figure 2C–E) and Western blot analysis (Figure 2, F
and G) confirmed the presence of DA D2 receptors and
IGF-I receptors in these tumor cells.

Stimulation of DA D2 Receptors in AGS Cells
Inhibited Phosphorylation of IGF-IR and Its
Downstream Signaling Molecule AKT

IGF-IR phosphorylation induces downstream signals lead-
ing to survival and proliferation of tumor cells. Among these
pathways, the PI3K/AKT pathway plays a crucial role. Since
activation of the DA D2 receptor inhibits AGS cell prolifera-

Figure 2. A: Effects of various concentrations of
IGF-I on proliferation of AGS cells in vitro by
[3H]thymidine incorporation assay. Maximum
proliferation was observed when cells were
treated with a 20 ng/ml dose of IGF-I. Results are
the mean � SEM; *P � 0.05. B: Effects of various
concentrations of Q on IGF-I (20 ng/ml)-in-
duced proliferation of AGS cells in vitro. Q at a
concentration of 800 nmol/L was found to cause
maximum inhibition in IGF-I-mediated prolifer-
ation of AGS cells. Flow cytometric analysis of
unstained AGS cells (C) as controls for D2 DR
(D) and IGF-IR-stained (E) AGS cells. Percent-
ages 99 and 50.92% of the gated cells as evident
from the lower right quadrant are D2 DR- and
IGF-IR-positive cells, respectively. F and G:
Western blot analysis of D2 DR and IGF-IR in
AGS cells. D2 DR is absent in negative control
sarcoma 180 (S180) tumor cells. IGF-IR is absent
in negative control leiomyosarcoma cells (SKUT-
1). Western blot showing Phospho-IGF-IR (H)
and phosphor-AKT (upper blots) (I). Lane 1:
Cells stimulated with IGF-I (20 ng/ml). Lane 2:
Cells pretreated with Q (800 nmol/L) before being
exposed to IGF-I (20 ng/ml). Lane 3: Cells treated
with Eti (80 �mol/L) followed by Q and IGF-I.
Activation of D2 DA receptor by Q significantly
down-regulates IGF-IR and AKT phosphoryla-
tion compared with IGF-I-treated control
whereas pretreatment with Eti (80 �mol/L), ab-
rogated Q-induced down-regulation of IGF-IR
and AKT phosphorylation. Protein loading was
verified by stripping and reprobing the mem-
brane with anti-IGF-IR and anti-AKT, which
showed that total IGF-IR and total AKT expres-
sion was equal (lower blots). J: The phospho/
total protein ratio data are expressed as mean �
SE of six separate experiments. Q, quinpirole;
Eti, eticlopride.
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tion and, as recent reports indicate, DA through its D2

receptor down-regulates AKT in the corpus striatum,35 we
therefore examined whether the molecular mechanisms of
DA D2 receptor-mediated inhibition of AGS cell proliferation
is due to its effect on the phosphorylation of IGF-IR and its
subsequent downstream signaling molecule AKT. Interest-
ingly, when AGS cells were treated with quinpirole, the
inhibition of IGF-I-induced cell proliferation was associated
with a significant down-regulation of IGF-IR phosphorylation
(Figure 2H) and AKT phosphorylation (Figure 2I), respec-
tively. However, total IGF-IR and total AKT levels remained
unchanged (Figure 2, H and I).

DA D2 Receptor-Mediated IGF-I-Induced AGS
Cell Proliferation Inhibition was Associated with
Up-Regulation of KLF4

IGF-I is a well-established mitogen that stimulates G1-S
phase progression through the activation of the phospho-
inositide 3-kinase/AKT pathway.3,36 Since activation of
the DA D2 receptor by quinpirole inhibited IGF-I-induced
AGS cell proliferation, we therefore investigated whether
this inhibition of DA D2 receptor agonist-induced AGS
cell proliferation is due to arrest of cells at the G1 phase
of cell cycle. As expected, our results showed increased
number of AGS cells arrested in G1 cell cycle phase
following activation of DA D2 receptors by its specific
agonist quinpirole (800 nmol/L) compared with IGF-I (20
ng/ml)-treated cells alone (Figure 3, A and B), leading to
decreased cell proliferation.

GKLF/KLF4 is an epithelial-specific transcription factor
known as an inhibitor of the cell cycle at G1 phase, and its
induction is associated with growth arrest in gastrointes-
tinal epithelial cells.25,37 KLF4 expression is significantly
decreased or lost in gastric cancer.38 We therefore fur-
ther examined whether DA D2 receptor-mediated inhibi-
tion of AGS cell proliferation is due to the arrest of cell
growth at the G1 phase of cell cycle and whether it is also
correlated with KLF4 expression. Our data showed that in
untreated AGS cells, KLF4 RNA and proteins were ex-
pressed at very low levels (Figure 3C). This corroborates
well with results from other laboratories.38 We also ob-
served that following IGF-I treatment, there was loss of
KLF4 expression in these cells (Figure 3C), and this loss
in turn correlated well with increased cell proliferation
(Figure 2A). Furthermore, immunoprecipitation followed
by immunoblot (Figure 3C) and semiquantitative RT-PCR
(Figure 3D) showed that when these cells were pre-
treated with quinpirole (800 nmol/L), followed by IGF-I (20
ng/ml) treatment, the expression of KLF4 was significantly
higher in comparison to untreated cells. In contrast, the DA
D2 receptor antagonist, eticlopride (80 �mol/L) abrogated
this effect of DA D2 receptor agonist-mediated stimulation
of KLF4 expression (Figure 3, C and D).

Since the phosphorylation of IGF-IR and its down-
stream molecule AKT in IGF-I-stimulated AGS cells is
associated with a loss of KLF4 expression, it can be
assumed that there exists a unique association between
IGF-IR-AKT signaling and expression of KLF4. Thus, to
further confirm that the quinpirole-induced down-regula-

tion of AKT phosphorylation is associated with the stim-
ulation of KLF4 expression, AKT was silenced with siRNA.
Concentrations of siRNA were optimized to ensure that it
did not affect cell viability (data not shown). After 48
hours, both AKT siRNA-transfected cells (iAKT) and cells
transfected with control siRNA containing a scrambled
sequence (iScr) were stimulated with IGF-I (20 ng/ml).
Our results indicated that even after IGF-I treatment, AKT-
silenced cells showed marked expression of KLF4,
whereas control cells in which scrambled RNA was trans-

Figure 3. A and B: Flow cytometric analysis showing significant increased
numbers of cells in G1 phase of cell cycle in Q (800 nmol/L) � IGF-I (20
ng/ml)-treated group than IGF-I (20 ng/ml)-treated alone. Similar results were
obtained in at least six independent experiments. C: Immunoprecipitation fol-
lowed by immunoblot. Lane 1: Unstimulated AGS cells showing low expression
of KLF4. Lane 2: Cells stimulated with IGF-I (20 ng/ml) did not express KLF4.
Lane 3: Cells pretreated with Q (800 nmol/L) following IGF-I treatment showed
significant expression of KLF4. Lane 4: Cells treated with Eti (80 �mol/L),
followed by Q and IGF-I abrogated the effects of D2 receptor-mediated stimu-
lation of KLF4. D: KLF4 mRNA levels determined by semiquantitative RT-PCR
corroborates well with Western blot data. 15S rRNA expression is positive
control. Results are representative of six separate experiments � SEM. Q, quin-
pirole; Eti, eticlopride. E: Immunofluorescence staining of methanol-fixed con-
trol AGS transfected with scrambled sequence (iScr) and AKT-silenced AGS
(iAKT). iAKT AGS cells showing diminished staining compared to iScr AGS cells
that shows distinct membrane and cytoplasmic staining as indicated by arrows,
when probed with anti-AKT antibody. F: Western blotting shows significant
reduction in AKT expression after 48 hours of transfection. AGS cells were
transfected with nonspecific iScr or iAKT as described, and 48 hours after
transfection, cells were stimulated with 20 ng/ml IGF-I; subsequently, cells were
fixed in methanol and KLF4 expression was analyzed by immunofluorescence
staining (G) and Western Blotting (H). Marked nuclear staining is noted showing
induction of KLF4 protein in AKT-silenced cells even after IGF-I treatment.
Western blot analysis corroborates well with the immunofluorescence pattern of
KLF4 expression. The pattern of protein expression was similar in triplicate
experiments. �-Actin served as loading control.
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fected showed no expression of KLF4 following IGF-I
treatment (Figure 3E–H).

Discussion

Several reports have indicated a significant association and
role of IGF-IR in different human malignant tumors, includ-
ing gastric cancer.3,9,39,40,41,42 In the present investigation,
a significantly higher phosphorylation level of IGF-IR was
observed in gastric malignant tumor tissues in comparison
to normal gastric tissues. This indicates a loss of negative
regulators of IGF-IR signaling in malignant gastric tissues.

DA, a major enteric neurotransmitter, plays important
roles in the central nervous system as well as in the gastro-
intestinal tract, especially in the stomach.16–20 Interestingly,
it is to be noted here that in our early experiments, we
demonstrated that there is a complete absence of DA and
its rate-limiting synthesizing enzyme, TH, in malignant gas-
tric tumor tissues.24 In addition, our previous results also
showed that exogenous administration of DA significantly
inhibited growth of gastric cancer in animals by suppress-
ing vascular endothelial growth factor A receptor-2 phos-
phorylation acting through its D2 receptors present in the
tumor endothelial cells.24 Therefore, our present results
showing increased phosphorylation of IGF-IR and loss of
TH and DA in human gastric malignant tissues as reported
in our previous study indicate the important role of DA as an
enteric neurotransmitter in the IGF-IR pathway for the de-
velopment of gastric cancer.

The PI3K/AKT pathway is one of the major intracellular
pathways in the IGF system that is frequently activated in
cancer.4 In the present investigation, we observed an
association of increased expression of phosphorylated
IGF-IR and its downstream signaling molecule AKT in
human gastric malignant tissues. Thereafter, to correlate
these present findings with our previous findings that DA
is lost in human gastric tumor tissues, in vitro experiments
were carried out in the human gastric adenocarcinoma
cell line, AGS, which expresses both the DA D2 receptor
and IGF-IR, simulating the in situ condition. It was ob-
served that activation of DA D2 receptors inhibited IGF-IR
and AKT phosphorylation, thereby inhibiting IGF-I-in-
duced AGS proliferation. The mechanism of DA action
was attributed to the arrest of a significant number of
tumor cells in the G1 phase of the cell cycle following
stimulation of its D2 receptor.

KLF4 activates promoters of the negative cell cycle
regulator, cyclin-dependent kinase inhibitor p21WAF1/cip1

gene in a p53-dependent manner.43,44 On the other
hand, it represses promoters of the positive cell cycle
regulator gene cyclin D1 and induces cell cycle arrest at
the G1-S boundary.45,46 As KLF4 is an important regula-
tor of the cell cycle in the gastric epithelial cells,25 we
therefore investigated whether DA D2-mediated cell
growth arrest has any correlation with the expression of
KLF4, which is frequently down-regulated in gastric can-
cer tissues.38 Under serum-starved conditions, following
IGF-I treatment, expression of KLF4 was lost in these
cells. However, the cells pretreated with the DA D2 re-
ceptor specific agonist, quinpirole, followed by IGF-I

treatment, showed stimulation of KLF4 expression higher
than untreated cells. In contrast, DA D2 receptor antag-
onist, eticlopride, abrogated the DA D2 receptor agonist-
mediated re-expression of KLF4 in these tumor cells,
thereby indicating the mechanism to be DA D2 receptor-
specific. Also in AKT-silenced cells, marked expression
of KLF4 was observed, whereas in control cells trans-
fected with scrambled RNA, no expression of KLF4 fol-
lowing IGF-I treatment was seen, thus suggesting a novel
IGF-IR/AKT pathway that regulates the expression of
KLF4 in these gastric tumor cells.

Among numerous growth factors, the IGF-I/IGF-IR axis
plays a critical role in gastric cancer.1–3 Therefore from
the present investigation, it is evident for the first time that
DA through its D2 receptor present in human gastric
tumor cells cross talks with the IGF-IR/AKT pathway and
thereby, regulates tumor cell proliferation through the
upregulation of KLF4, an important inhibitor of the cell
cycle in gastric cancer.

Because the growth, survival, and metastasis of tumor
cells are dependent on many factors, targeting multiple
growth factors and their signaling pathways in the tumor
microenvironment is now being considered an important
therapeutic strategy instead of targeting a single mole-
cule.47,48 Furthermore, since the DA D2 dopamine receptor
agonist was previously reported by us to inhibit the actions
of vascular endothelial growth factor-A on endothelial
cells24 and it was also found to inhibit IGF-IR/AKT pathway-
induced gastric tumor cell proliferation, the D2 receptor
agonist may be a rational choice for the treatment of gastric
cancer. Most importantly, these drugs are being used in the
clinics at present for other diseases; therefore, they may be
tried in clinical trials for the treatment of gastric cancer.
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riched Krüppel-like factor (Krüppel-like factor 4). Nucleic Acids Res
1999, 27:4562–4569

38. Wei D, Gong W, Kanai M, Schlunk C, Wang L, Yao JC, Wu TT, Huang
S, Xie K: Drastic down-regulation of Krüppel-like factor 4 expression
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