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Activation of the insulin-like growth factor-I receptor
(IGF-IR) was recently shown to modulate angiogene-
sis by up-regulating the expression of vascular endo-
thelial growth factor (VEGF). We hypothesized that
inhibiting IGF-IR function would inhibit angiogenesis
and growth of pancreatic cancer in vivo and sought to
identify major signaling pathways regulated by IGF-IR
in pancreatic cancer cells. Human pancreatic cancer
cells (L3.6pl) were stably transfected with a domi-
nant-negative form of IGF-IR (IGF-IR DN) or an empty
vector (pcDNA). In vitro , IGF-IR DN cells exhibited a
decrease in both constitutive and inducible phos-
phorylation of IGF-IR and Erk1/2. Constitutive ex-
pression of nuclear hypoxia-inducible factor-1� and
secreted VEGF (P < 0.01) protein levels also were
significantly lower in IGF-IR DN cells than in pcDNA
cells. In vivo , IGF-IR inhibition led to decreases in
pancreatic tumor volume and weight, vessel density,
and tumor cell proliferation (P < 0.01 for all) and
increases in tumor cell apoptosis (P < 0.02). Our
results suggest that autocrine activation of the IGF-IR
system significantly affects VEGF expression and an-
giogenesis in human pancreatic cancer. Thus, IGF-IR
may be a valid target in the treatment of pancreatic
cancer. (Am J Pathol 2003, 163:1001–1011)

The insulin-like growth factor-I receptor (IGF-IR) is often
overexpressed in a variety of human cancers, including
pancreatic cancer, and has been associated with ag-
gressive disease and formation of metastases.1–8 IGF-IR
is a heterotetrameric tyrosine kinase receptor that con-
sists of two �- and two �-subunits.9 The �-subunits are

entirely extracellular and contain a cysteine-rich domain
responsible for ligand binding.9,10 The �-subunits are
divided by a hydrophobic transmembrane domain into
extracellular and intracellular domains, with the intracel-
lular portion containing the tyrosine kinase domain.9,10

The IGF-IR seems to be crucial for maintaining normal
growth and development,10,11 and IGF-IR activation has
been implicated in the malignant progression of several
types of human cancer.12,13 In pancreatic cancer, sev-
eral mechanisms regulate or render autocrine IGF-IR ac-
tivation which may contribute to the aggressive nature of
this disease.14–18 Both IGF-IR and its ligands have been
shown to be up-regulated in various pancreatic cancer
cell lines and tissue specimens.4,8,17,18 Increased Src
kinase activity, activation of phosphatidylinositol 3�-ki-
nase (PI-3K)/Akt, or both was shown to lead to IGF-IR
overexpression in these cancer cells,8,16 and its ligand
IGF-I has been found to be overexpressed in human
pancreatic cancer specimens relative to normal pancre-
atic tissue.4

Activation of the IGF-IR system is important in mediat-
ing angiogenesis by means of up-regulating vascular
endothelial growth factor (VEGF) expression in neoplas-
tic19–23 and nonneoplastic24,25 tissues. VEGF (also
termed VEGF-A) is a fundamental promoter of angiogen-
esis, a process essential for the outgrowth and metastatic
dissemination of tumors.26–28 VEGF is an important me-
diator of tumor growth and metastasis in experimental
models of pancreatic cancer.29–31 Blockade of VEGF
activity in experimental models has been shown to sig-
nificantly reduce tumor growth and metastasis.30,31 Be-
cause VEGF expression in tumors is partially promoted
by the tumor microenvironment,29 means of inhibiting
autocrine/paracrine mechanisms of VEGF regulation in
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cells may be a promising approach for enhancing the
efficacy of anti-angiogenic therapies.

In the current study, we hypothesized that inhibition of
IGF-IR function in human pancreatic cancer cells would
decrease VEGF expression and angiogenesis and in turn
inhibit tumor growth in vivo. We further sought to elucidate
the role of the IGF-I receptor/ligand system in the consti-
tutive activation of intracellular pathways that mediate
VEGF expression in pancreatic cancer cells. We found
that constitutive activation of IGF-IR-mediated VEGF ex-
pression in pancreatic cancer cells occurred in part
through increasing the nuclear translocation of hypoxia-
inducible factor-1� (HIF-1�). Moreover, inhibition of
IGF-IR function inhibited angiogenesis and growth of
pancreatic tumors, suggesting that the IGF-IR system is a
valid molecular target in the treatment of human pancre-
atic cancer.

Materials and Methods

Cell Culture and Stable Transfection

The human pancreatic cancer cell line L3.6pl32 was
kindly provided by I. J. Fidler, Ph.D., D.V.M. (The Univer-
sity of Texas M. D. Anderson Cancer Center, Houston,
TX). Cells were cultured and maintained in minimal es-
sential medium (MEM) supplemented with 10% fetal bo-
vine serum (FBS), 2 U/ml of a penicillin-streptomycin
mixture (Flow Laboratories, Rockville, MD), vitamins (Life
Technologies, Inc., Grand Island, NY), 1 mmol/L sodium
pyruvate, 2 mmol/L L-glutamine, and nonessential amino
acids and incubated in 5% CO2-95% air at 37°C. To
clarify the influence of IGF-IR inhibition on VEGF regula-
tion and angiogenesis, we stably transfected L3.6pl cells
with a mutated dominant-negative (DN) form of IGF-IR
(truncated at position 952 in the �-subunit transmem-
brane region), which was the generous gift of D. Prager
M.D. (Cedars-Sinai Medical Center-UCLA School of Med-
icine, Los Angeles, CA),33,34 or an empty vector
(pcDNA3) as a control. Cell were transfected by using
FuGENE 6 transfection reagent (Roche Diagnostics Cor-
poration, Indianapolis, IN) according to the manufactur-
er’s protocol as described elsewhere.19,20 Cells were
then grown and expanded in selective medium contain-
ing neomycin (G418, Life Technologies). Successful
transfection was verified by changes in insulin receptor
substrate-1 (IRS-1) phosphorylation on stimulation with
recombinant human IGF-I (rhIGF-I) (R&D Systems Inc.,
Minneapolis, MN), which was reduced in IGF-IR DN
cells.19,20

Immunohistochemical Analysis of IGF-IR and
Activated IGF-R in Human Pancreatic Cancer
Specimens

Paraffin-embedded tissues from primary human pancre-
atic adenocarcinomas (n � 11) [confirmed by a pathol-
ogist on hematoxylin and eosin (H&E)-stained slides] or
normal pancreas (n � 10) were stained for IGF-IR ex-

pression and IGF-IR activation by using antibodies to
IGF-IR-� (Santa Cruz Biotechnology, Santa Cruz, CA) or
phosphorylated IGF-IR (Biosource International, Cama-
rillo, CA), respectively. Patients did not receive neoadju-
vant therapy before surgery. Specimens were collected
under a protocol approved by the Institutional Review
Board of the M.D. Anderson Cancer Center. Tissue sec-
tions were deparaffinized in xylene, followed by treatment
with a graded series of alcohol washes [100%, 95%, 80%
ethanol/ddH2O (v/v)], rehydration in phosphate-buffered
saline (PBS) (pH 7.5), and microwaving for 10 minutes in
100 mmol/L of citrate solution (pH 6.0) for antigen re-
trieval. Slides were then washed in PBS and incubated for
20 minutes in a protein-blocking solution consisting of
PBS supplemented with 1% normal goat serum and 5%
normal horse serum. Primary antibody was diluted in
protein-blocking solution (1:200 for anti-IGF-IR-�, 1:50 for
anti-phospho-IGF-IR) and applied for 18 hours at 4°C.
Antibodies were then washed off, protein-block applied
for 20 minutes, followed by 1 hour of incubation with
Alexa594 conjugated goat anti-rabbit secondary anti-
body (1:600) (Jackson ImmunoResearch Laboratories,
West Grove, PA). Tissues were then counterstained with
Hoechst dye (1:2000). Tumor and normal tissue regions
were identified by parallel comparison to H&E-stained
slides and images were obtained at �100 magnification.

IGF-I/IGF-II Secretion by Cells and Signaling
Pathway Activation

Western blot analysis was done to detect secreted IGF-II
protein in conditioned medium from parental L3.6pl
cells.35 IGF-I protein in conditioned medium was mea-
sured by using an enzyme-linked immunosorbent assay
(ELISA) kit for human IGF-I (R&D Systems Inc.). Briefly,
L3.6pl pancreatic cancer cells were incubated in 10%
FBS-MEM for 48 hours and conditioned medium was
harvested, centrifuged (360 � g, 5 minutes) and filtered
through a 0.22-�m filter (Corning Inc., Corning, NY). For
IGF-II detection, proteins in samples of conditioned me-
dia (100 �g/sample) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on a denatur-
ing 15% gel under reducing conditions. Western blotting
was performed with a monoclonal primary antibody
against human IGF-II (1:3000 in 5% milk) (Upstate Bio-
technology, Lake Placid, NY) and a secondary antibody
for chemiluminescent analysis (ECL; Amersham Bio-
sciences, Piscataway, NJ) as described previously.19

IGF-IR phosphorylation was investigated using a rabbit
anti-phospho-IGF-IR antibody at 1:1000 dilution (Bio-
source International) for Western blot analysis.

Signaling pathways activated by IGF-I in IGF-IR DN- or
pcDNA-transfected cells were investigated by Western
blotting.20,36 Briefly, cells were grown to 50 to 60% cell
confluence, incubated overnight in 1% FBS-MEM, and
treated thereafter for various times with rhIGF-I (100 ng/
ml) in 1% FBS-MEM. To investigate constitutive phos-
phorylation levels of signaling intermediates in IGF-IR
DN- and pcDNA-transfected cells, cells were incubated
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in 10% FBS-MEM for 48 hours and harvested in PBS.
Protein was extracted from cell lysates with RIPA buffer,
and 50-�g protein samples were subjected to Western
blot analysis by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis on a denaturing 10% gel. Activated
signaling pathways were identified by using the following
antibodies: anti-extracellular signal-regulated kinase
(Erk)-1/2 (p42/44) (Oncogene Research Products, San
Diego, CA); and anti-phosphospecific Erk-1/2 (p42/44),
anti-Akt, anti-phosphospecific Akt, anti-phosphospecific
c-jun amino-terminal kinase (JNK), anti-P38, and anti-
phosphospecific P38 from Cell Signaling Technologies
(Beverly, MA).

Regulation of VEGF Expression by the IGF-I
Receptor System

For Northern blot analyses, total RNA was extracted from
cells by using Tri Reagent (Molecular Research Center,
Cincinnati, OH) according to the manufacturer’s instruc-
tions. Northern blot analysis was performed as described
previously.19,37 Briefly, probes for VEGF (human VEGF-
specific 204-bp cDNA probe)19 or glyceraldehyde-3-
phosphate dehydrogenase (American Type Culture Col-
lection, Manassas, VA) were radiolabeled by the random
primer technique with a commercially available kit (Re-
diprime II, Amersham Biosciences), and nylon mem-
branes (Hybond-N�, Amersham Biosciences) were sub-
sequently hybridized overnight (Rapid-hyb Solution,
Amersham Biosciences) at 65°C. Autoradiography was
performed thereafter in the linear range of the film (Hy-
perfilm MP, Amersham Biosciences). To investigate
VEGF induction by IGF-I, parental and transfected cells
were grown to 50 to 60% confluence in standard medium
as described above and then incubated in 5% FBS-
containing medium overnight. Cells were then incubated
in the presence or absence of rhIGF-I (100 ng/ml) in 1%
FBS-MEM for 24 hours because induction of VEGF mRNA
expression in this cell line was maximal by this time. Total
RNA was extracted, and VEGF mRNA expression was
determined by Northern blot analysis.

VEGF protein concentrations in conditioned media
from IGF-IR DN- or pcDNA- transfected L3.6pl cells were
measured by using an ELISA kit for human VEGF (Bio-
source International). Supernatant (3 ml) from the trans-
fected cells was collected after 48 hours of incubation in
10% FBS-MEM. Cells were rinsed with cold PBS,
trypsinized, and counted. VEGF ELISA was performed
according to the manufacturer’s protocol, and VEGF lev-
els (in pg) were calculated per 1 � 106 cells.

Experiments using the cyclooxygenase-2 (Cox-2) in-
hibitor celecoxib were performed by dissolving 200-mg
celecoxib capsules (obtained from the Pharmacy at M. D.
Anderson Cancer Center) in dimethyl sulfoxide (100
mmol/L stock solution). Preliminary experiments con-
firmed that dimethyl sulfoxide, at a final concentration of
0.01% in cell culture medium, did not induce VEGF ex-
pression.

Regulation of Nuclear HIF-1� Translocation by
the IGF-IR System

Western blot analyses for HIF-1� were performed from
nuclear extracts from parental and transfected cells as
described elsewhere.38,39 Briefly, IGF-IR DN- and
pcDNA-transfected L3.6pl cells were incubated for 48
hours in 10% FBS-MEM, washed twice with ice-cold PBS,
and harvested into cold PBS (1 ml). After centrifugation
(400 � g for 5 minutes at 4°C), cell pellets were incubated
with ice-cold lysis buffer (buffer A: 10 mmol/L HEPES, 1.5
mmol/L MgCl2, 10 mmol/L KCl, 0.5 mmol/L dithiothreitol,
0.2 mmol/L phenylmethyl sulfonyl fluoride, and 1� pro-
tein inhibitor) for 30 minutes on ice, centrifuged again
(7150 � g for 3 minutes at 4°C), and the remaining cell
pellets were washed twice with ice-cold buffer A. For
nuclear protein extraction, washed pellets were incu-
bated in ice-cold buffer C (20 mmol/L HEPES, 25% glyc-
erol, 450 mmol/L NaCl, 1.5 mmol/L MgCl2, 0.2 mmol/L
ethylenediaminetetraacetic acid, 0.5 mmol/L dithiothrei-
tol, 0.5 mmol/L phenylmethyl sulfonyl fluoride, and 1�
protein inhibitor) for 30 minutes on ice, and supernatant
was collected after centrifugation (22,000 � g for 15
minutes at 4°C). Protein concentrations were then deter-
mined19 and 50-�g aliquots subjected to Western blot
analysis on a 6% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis gel. Membranes were probed with an
anti-HIF-1� monoclonal antibody (BD Biosciences
Pharmingen, San Diego, CA) at 1:1000 dilution in 5% milk
overnight at 4°C, followed by incubation with a secondary
antibody for chemiluminescent analysis (ECL, Amersham
Biosciences).

In Vivo Studies

Eight-week-old male nude mice (Animal Production Area
of the National Cancer Institute-Frederick Cancer Re-
search and Development Center, Frederick, MD) were
acclimated for 1 to 2 weeks while caged in groups of five.
Mice were housed under laminar flow conditions and fed
a diet of animal chow and water ad libitum throughout the
experiment. All experiments were approved by the Insti-
tutional Animal Care and Use Committee of M. D. Ander-
son Cancer Center.

Orthotopic Model of Pancreatic Cancer

Cells for in vivo experiments were grown to 70% cell
confluence and prepared for orthotopic implantation in
mice as follows. Cells were rinsed briefly with PBS,
trypsinized for 3 minutes in 0.25% trypsin with 0.02%
ethylenediaminetetraacetic acid, washed in 10% FBS-
MEM, and counted. Cell viability was assessed by trypan
blue exclusion; cell viability was �90% in both trans-
fected cell lines. Cells were then centrifuged and resus-
pended in Hanks’ balanced salt solution for injection into
mice. For the development of pancreatic tumors, 250,000
cells of pcDNA (control)- or IGF-IR DN-transfected L3.6pl
cells were injected (in a volume of 50 �l) into the pan-
creas of mice with a 30-gauge needle after anesthesia
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had been induced with pentobarbital (Nembutal, 50 mg/
kg). Mice were observed daily, and the experiment was
terminated when three mice in any one group showed
decreased mobility or discomfort. Mice were killed by
cervical dislocation after being anesthetized with Nem-
butal. Body weights and pancreatic tumor diameters
were measured, and tumors were subsequently excised
and weighed. Tumor volumes were calculated as width2

� length � 0.5. Tumor tissue was then snap-frozen in
optimum cutting temperature (OCT) solution (Miles Inc.,
Elkhart, IN) in preparation for subsequent immunohisto-
chemical analyses.

Immunohistochemical Analysis of Microvessel
Density and Tumor Cell Proliferation

Antibodies for immunohistochemical analyses were ob-
tained as follows: rat anti-mouse CD31/PECAM-1 anti-
body from PharMingen (San Diego, CA), mouse anti-
proliferating cell nuclear antigen (PCNA) PC10 (IgG2a)
from DAKO (Carpinteria, CA), rat anti-mouse IgG2a-
horseradish peroxidase (HRP) conjugate from Serotec
Inc. (Raleigh, NC), and peroxidase-conjugated goat anti-
rat IgG from Jackson Research Laboratories (West
Grove, PA). Tumors that had been frozen in OCT were
sectioned in 8-�m slices, mounted on positively charged
slides, air-dried for 30 minutes, fixed in cold acetone
followed by 1:1 acetone/chloroform and acetone, and
then washed with PBS. Specimens were then incubated
with 3% H2O2 in methanol for 12 minutes at room tem-
perature to block endogenous peroxidases, washed
three times with PBS (pH 7.5), and incubated for 20
minutes at room temperature in a protein-blocking solu-
tion, as described above. For PCNA staining, sections
were treated (with intermittent washing steps) with 0.2 N
HCl (10 minutes), then 0.07 N NaOH (in 70% ethanol) for
5 minutes and incubated in 1% Triton X-100 (5 minutes)
before being subjected to protein-blocking solution. In
protein-blocking solution, diluted primary antibodies di-
rected against CD31 (1:800) or PCNA (1:100) were then
applied to the sections, which were incubated overnight
at 4°C. Sections were then rinsed in PBS and incubated
for 10 minutes in protein-blocking solution before the
addition of peroxidase-conjugated secondary antibody.
The secondary antibodies used for CD31 (peroxidase-
conjugated goat anti-rat IgG) or PCNA (rat anti-mouse
IgG2a HRP) staining were diluted 1:200 in protein-block-
ing solution. After being incubated with the secondary
antibody for 1 hour at room temperature, the samples
were washed and incubated with stable diaminobenzi-
dine (Research Genetics, Huntsville, AL) substrate. Stain-
ing was monitored under a bright-field microscope, and
the reaction was stopped by washing with distilled water.
Sections were counterstained with Gill’s No. 3 hematox-
ylin (Sigma Chemical Co., St. Louis, MO) and mounted
with Universal Mount (Research Genetics). CD31-stained
vessels were counted (at �50 magnification) in four dif-
ferent quadrants of each tumor (2 mm inside the tumor-
normal tissue interface) and means were calculated.
Slides were also stained with H&E to study overall tissue

structure. The number of tumor cells that stained posi-
tively or negatively for PCNA was determined in four
random fields per tumor (at �100 magnification), and the
percentage of PCNA-positive cells was then calculated.
For all immunohistochemical studies, the primary anti-
body was omitted as a negative control.40

Immunofluorescent Staining for Analysis of
Tumor Cell Apoptosis

For immunofluorescent terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick-end labeling (TUNEL) stain-
ing, frozen tissue was fixed in cold acetone and chloro-
form as described above. The TUNEL assay was
performed with a commercial kit (Promega, Madison, WI)
according to the manufacturer’s protocol. Tissue sections
were also counterstained with Hoechst dye (1:2000) to
allow identification of tumor cells. Immunofluorescence
microscopy was done on an epifluorescence microscope
equipped with narrow bandpass excitation filters
(Chroma Technology Corp., Brattleboro, VT). Images
were captured with a C5810 Hamamatsu camera
(Hamamatsu Photonics K.K., Japan) mounted on a Zeiss
Axioplan microscope (Carl Zeiss Inc.) with Optimas im-
age analysis software (Media Cybernetics, Silver Spring,
MD). Images were further processed with Adobe Photo-
shop software (Adobe Systems, Mountain View, CA).
TUNEL-positive cells were counted at �100 magnifica-
tion in four different quadrants of each tumor according to
the guidelines noted above for vessel counts.

Immunohistochemical Analysis of VEGF
Expression in Pancreatic Tumors

Tumor sections were fixed as described above and
treated for immunohistochemical staining as described
for CD31, except that rabbit anti-VEGF antibody (A20,
Santa Cruz Biotechnology) was added in a 1:500 dilution
(protein-block) for overnight incubation at 4°C. Slides
were then washed, incubated for 20 minutes in protein-
blocking solution, and goat anti-rabbit IgG biotinylated
secondary antibody (Biocare Medical, Walnut Creek, CA)
was added for 30 minutes. After being washed in PBS,
streptavidin complex (DAKO, 1:300) was then applied for
30 minutes. Slides were washed and incubated with sta-
ble diaminobenzidine (Research Genetics) substrate.
Staining was monitored under a bright-field microscope,
and the reaction was stopped by washing with distilled
water. Counterstaining was omitted. VEGF expression in
tumor sections was quantified by optical densitometry
analysis at �50 magnification with Optimas Imaging soft-
ware (Media Cybernetics, Carlsbad, CA).

Densitometric Quantification and Statistical
Analyses

Densitometric analysis of autoradiographs was per-
formed with NIH Image Analysis software (V1.62) from
the National Institutes of Health (Bethesda, MD) to quan-
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tify the results of Northern and Western blot analyses. All
statistical analyses were done with InStat Statistical Soft-
ware (V2.03; GraphPad Software, San Diego, CA), with P
values of less than 0.05 considered to be statistically
significant. Tumor-associated variables were tested for
statistical significance with the two-tailed Student’s t-test
or the Mann-Whitney U-test (for nonparametric data) as
specified in the figure legends.

Results

Expression and Activation of IGF-I Receptor in
Human Pancreatic Adenocarcinomas

The presence of IGF-IR expression and activation in hu-
man pancreatic cancer was investigated by immunohis-
tochemical analysis of primary pancreatic adenocarci-
noma specimens from patients that underwent surgical
resection without having received neoadjuvant therapy.
The expression of IGF-IR was detectable in all (11 of 11)
pancreatic adenocarcinomas and in the epithelium of
normal pancreatic ducts (10 of 10) (Figure 1). However,
activated (phosphorylated) IGF-IR was only detectable in
pancreatic adenocarcinoma specimens (11 of 11),
whereas nonmalignant ductal epithelium lacked IGF-IR
activation. Activated IGF-IR was heterogeneously distrib-
uted within the tumor. Relatively high levels of IGF-IR
activation were detectable in 7 of 11 (63%) malignant
specimens and weak activity was noted in 4 of 11 (37%)
cancers. In addition, stromal cells in pancreatic cancer
tissues also demonstrated some evidence of activation of
IGF-IR.

Expression of IGF-I Receptor and Its Ligands by
Pancreatic Cancer Cells

To verify that IGF-IR is expressed in human pancreatic
cancer cells, we screened several pancreatic cancer
cells lines by immunoprecipitation for IGF-IR expression.
Eight of nine cell lines tested expressed IGF-IR at levels
that were markedly higher than those in colon cancer cell
lines (positive control) (data not shown).19,20 The highly
aggressive L3.6pl cell line, previously used as an ortho-
topic pancreatic cancer model,30,32,40,41 demonstrated
high IGF-IR expression levels and thus were selected for
use in this study. Western blotting and ELISA of condi-
tioned media from L3.6pl cells confirmed that these cells
secrete both IGF-I and IGF-II into the culture medium. By
ELISA, L3.6pl cells produced detectable IGF-I protein
levels [9.2 � 2.4 ng/ml/106cells (mean � SEM)] in con-
ditioned media. IGF-II expression was detected by West-
ern blotting of conditioned media from parental and
transfected cells, and showed no differences in IGF-II
protein levels among those cells (not shown). Autocrine
activation of the IGF-I receptor was investigated by incu-
bating L3.6pl cells for 48 hours in 10% FBS-MEM, and
either leaving the medium unchanged during this time
(conditioned medium), or replacing the media with fresh
10% FBS-MEM 8 hours before cell lysis (control) (to lower

cumulative secreted levels of IGF-I and IGF-II). By West-
ern blot analysis, cells grown in conditioned medium for
48 hours demonstrated basal phosphorylation of the
IGF-I receptor, in contrast to the absence of IGF-IR phos-
phorylation in the controls where media was replaced
(Figure 2A).

Effect of IGF-I Receptor Inhibition on Intracellular
Signaling Pathway Activation and VEGF
Expression in Pancreatic Cancer Cells

We next investigated the role of the IGF-IR system in
regulation of VEGF expression in pancreatic cancer cells
by stably transfecting a dominant-negative IGF-IR con-
struct (IGF-IR DN) or an empty vector (pcDNA) into
L3.6pl cancer cells. Western blotting revealed that ly-
sates from IGF-IR DN-transfected cells (harvested from
subconfluent cultures) demonstrated lower constitutive
phosphorylation levels of the mitogen-activated protein
kinases Erk1/2 than did pcDNA-transfected cells. To
identify time-dependent phosphorylation of IGF-IR and

Figure 1. Immunohistochemical staining for IGF-IR and activated IGF-IR in
human pancreatic cancers and nonmalignant pancreatic tissues. Paraffin-
embedded specimens from human pancreatic cancers and nonmalignant
tissues were immunofluorescently stained for IGF-IR and phosphorylated
IGF-IR. IGF-IR was expressed in normal ductal epithelium as well as tumor
epithelium. However, only tumor epithelium stained positive for phosphor-
ylated IGF-IR.
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signaling intermediates, this experiment was repeated
after reducing constitutive phosphorylation levels by
overnight incubation in 1% FBS-MEM and then adding
rhIGF-I. Again, constitutive Erk1/2 phosphorylation levels
were significantly reduced in IGF-IR DN cells (0 minute
time point, Figure 2B). IGF-IR phosphorylation was dimin-
ished in IGF-IR DN cells after stimulation with rhIGF-I,
whereas IGF-IR phosphorylation in pcDNA cells was de-
tectable for up to 30 minutes. However, rhIGF-I treatment
activated Erk1/2, JNK and P38 phosphorylation in IGF-IR
DN cells, but to a markedly lesser degree than controls
(Figure 2B), indicating that impaired IGF-IR function in-
hibited IGF-I activation of these signaling intermediates.
The PI-3K/Akt pathway was not significantly activated by
rhIGF-I in these cells.

In preliminary experiments with parental L3.6pl cells in
vitro, we determined that the extent of induction of VEGF
mRNA expression by rhIGF-I stimulation peaked at ap-

proximately two times the original value at 24 hours (data
not shown). This finding was unexpected, as IGF-I treat-
ment of colon cancer cells leads to significantly greater
VEGF induction.19,20 pcDNA-transfected cells exhibited
relatively high constitutive VEGF mRNA expression that
could be only modestly increased (by 1.3 times) by the
addition of rhIGF-I at 24 hours. However, the inhibition of
IGF-IR function led to a significant reduction (by 50%) of
constitutive VEGF mRNA expression in IGF-IR DN cells
(Figure 3A). Moreover, VEGF induction in response to
rhIGF-I was blunted in those cells. To verify these results,
we used ELISA to assess VEGF protein levels in condi-
tioned medium with or without the addition of rhIGF-I
(Figure 3B). Constitutive VEGF protein levels were rela-
tively high in conditioned medium from pcDNA-trans-
fected cells and, consistent with the findings from North-
ern blot analysis, could not be further increased by the
addition of rhIGF-I. VEGF concentrations in medium from
IGF-IR DN cells were significantly lower (40 to 50%) than
that in pcDNA-control cells and remained unchanged on
addition of IGF-I.

Figure 2. A: Autocrine IGF-IR activation in parental L3.6pl pancreatic cancer
cells. Cells were grown for 48 hours and medium was either replaced with
fresh 10% FBS-MEM (lane 1) 8 hours before harvesting the cells (control), or
remained unchanged for 48 hours (conditioned medium) (lane 2). Cell
lysates were subjected to Western blot analysis of IGF-IR phosphorylation.
Equal loading was verified by probing for �-actin. When cells are allowed to
grow in their own conditioned medium, the IGF-IR is phosphorylated. In
contrast, when the medium is changed to prevent the cells from conditioning
their own medium, there is no receptor phosphorylation. B: Effect of IGF-IR
inhibition on constitutive and inducible activation of signaling pathways.
IGF-IR DN- and pcDNA-transfected L3.6pl cells were treated for the indicated
times with rhIGF-I (100 ng/ml) under serum-reduced conditions (1% FBS-
MEM). Protein extracts were examined by Western blot analysis for IGF-IR
phosphorylation and activated signaling pathways. Equal loading was veri-
fied by probing for �-actin. No differences in Akt phosphorylation were
observed among transfected cell lines. P38 and JNK phosphorylation levels
were not affected by rhIGF-I (not shown).

Figure 3. Effect of IGF-IR inhibition on constitutive and inducible VEGF
expression. A: Northern blot analysis of VEGF expression in pcDNA- and
IGF-IR DN-transfected L3.6pl cells after a 24-hour incubation in serum-
reduced conditions (1% FBS-MEM) with or without rhIGF-I (100 ng/ml).
Relative changes in VEGF mRNA expression with respect to controls (un-
stimulated pcDNA cells) are shown beneath each lane. B: ELISA of VEGF
protein concentration in conditioned medium of transfected L3.6pl cells.
Medium was collected after a 48-hour incubation period in 10% FBS-MEM in
the presence or absence of rhIGF-I (100 ng/ml). *, P � 0.01 versus treated and
untreated pcDNA cells, Student’s t-test. Data are presented as means � SEM.
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Effect of IGF-I on HIF-1� Activation in Parental
and Transfected Cells

In light of a recent report that IGF-I led to increased
HIF-1� activation and in turn up-regulation of VEGF ex-
pression in colon cancer cells,39 we hypothesized that an
IGF-I/IGF-IR autocrine loop would contribute via HIF-1�
to the induction of VEGF in pancreatic cancer cells. After
overnight serum starvation, parental cells were stimu-
lated for various times with rhIGF-I and nuclear extracts
were analyzed for nuclear translocation of HIF-1�.
Throughout the course of 8 hours, the addition of IGF-I
increased nuclear HIF-1� protein levels over those in
untreated controls (Figure 4A). However, constitutive
HIF-1� levels in the control cells increased slightly in a
time-dependent manner, suggesting the possibility of au-
tocrine activation. This mechanism of HIF-1� activation
was then further investigated by incubating pcDNA- and
IGF-IR DN-transfected cells for 48 hours to allow suffi-
cient IGF-I/IGF-II protein to accumulate in the cell culture
medium. Western blot analysis for HIF-1� expression of
nuclear extracts showed an �50% reduction in HIF-1�
nuclear translocation in IGF-IR DN cells as compared
with pcDNA cells (Figure 4B).

Effect of Cox-2 Inhibition on VEGF Expression in
Pancreatic Cancer Cells

In preliminary experiments, we showed by Western blot
analysis that Cox-2 was highly expressed in L3.6pl cells
and could be up-regulated further by the addition of
rhIGF-I (data not shown). To determine whether IGF-IR
regulation of VEGF occurred through a Cox-2-dependent
pathway in human pancreatic cancer cells, we incubated
parental L3.6pl cells for 24 hours with 10 �mol/L of cele-
coxib (a Cox-2 inhibitor) or vehicle alone (0.01% dimethyl
sulfoxide), added rhIGF-I, and subjected the cells to
Northern blotting 24 hours later. Celecoxib did not block

rhIGF-I induction of VEGF in L3.6pl cells (Figure 5), but
did lead to a compensatory increase in Cox-2 mRNA
expression (data not shown).

Effect of IGF-I Receptor Inhibition on Pancreatic
Tumor Growth in Mice

In vivo tumor growth of IGF-IR DN- and pcDNA-trans-
fected cells was investigated in an orthotopic pancreatic
cancer model in which tumor cells were injected directly
into the pancreatic tails of nude mice. After 29 days of
tumor growth, 10 of 10 mice in the pcDNA group and 9 of
10 mice in the IGF-IR DN group had detectable pancre-
atic tumors. Inhibition of IGF-IR function significantly re-
duced the tumor burden (P � 0.01 for tumor weight and
tumor volume) relative to tumors in mice injected with
pcDNA-transfected cells (Figure 6, A and B). Represen-
tative images of pancreatic tumors in each group are
shown in Figure 6C. These results were similar to those of
previous experiments in which a different IGF-IR DN
clone was used in a subcutaneous xenograft model. In
this previous study, IGF-IR DN tumors demonstrated a
dramatic reduction in growth rate and tumor volumes
after 14 days of tumor growth [133 � 39.5 mm3 (mean �
SEM)], compared to control tumors (732 � 119 mm3)
(P � 0.05).

Effect of Impaired IGF-I Receptor Function on
Vessel Density, Tumor Cell Proliferation,
Apoptosis, and VEGF Expression in Pancreatic
Tumors

Tumor vessel counts (by CD31 staining) were lower in the
IGF-IR DN tumors than in the pcDNA tumors (P � 0.01)
(Figure 7A). The proportion of proliferating tumor cells,
evaluated by immunohistochemical staining for PCNA,
was also lower in the IGF-IR DN tumors than in pcDNA
tumors (P � 0.01) (Figure 7B). The number of apoptotic
tumor cells, detected by TUNEL analysis, was higher in
the IGF-IR DN tumors, despite the smaller tumor volumes,
than in the pcDNA tumors (P � 0.02) (Figure 7C). Further,
VEGF expression in the IGF-IR DN tumors was signifi-
cantly less than that in control tumors (P � 0.01) (Figure 8).

Figure 4. Effect of IGF-IR function on constitutive and inducible HIF-1�
expression. A: Parental L3.6pl cells were serum-deprived in 1% FBS-MEM
overnight, treated for the indicated times with rhIGF-I (100 ng/ml), and
subjected to Western blot analysis of HIF-1� protein in nuclear extracts. B:
Western blot analysis of constitutive HIF-1� nuclear translocation in pcDNA-
and IGF-IR DN-transfected L3.6pl cells. Cells were incubated for 48 hours in
10% FBS-MEM to evaluate the possible effects of an IGF-I autocrine loop on
HIF-1� activation. Nuclear protein extracts from each cell line were analyzed
by Western blot analysis. By densitometry, IGF-IR DN-transfected cells
showed approximately half the nuclear translocation of HIF-1� as that of
control (pcDNA-transfected) cells.

Figure 5. Effect of Cox-2 inhibition on VEGF expression in L3.6pl pancreatic
cancer cells by Northern blot analysis. After a 24-hour incubation in 5%
FBS-MEM with either vehicle (0.01% dimethyl sulfoxide) or 10 �mol/L of
celecoxib, L3.6pl cells were incubated for another 24 hours with or without
rhIGF-I (100 ng/ml). Relative changes in VEGF mRNA expression associated
with rhIGF-I stimulation relative to those in unstimulated cells are shown
beneath each lane.
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Representative images of immunohistochemical analysis of
pcDNA and IGF-IR DN tumors are shown in Figure 9.

Discussion

In the current study, impairing IGF-IR function by stable
transfection with a dominant-negative form of IGF-IR sig-
nificantly reduced constitutive VEGF expression in pan-
creatic tumor cells in vitro and drastically inhibited angio-
genesis and orthotopic tumor growth in vivo. VEGF
expression by L3.6pl cells was partially mediated via
constitutive activation (nuclear translocation) of HIF-1�,
which itself was regulated by an activated IGF-IR system.
This mechanism could contribute to the high VEGF ex-
pression levels in the pancreatic cancer microenviron-
ment. In contrast to IGF-IR inhibition, the blockade of
Cox-2 function by treating cells with celecoxib did not
reduce constitutive VEGF expression in these cancer
cells, as suggested by other studies.42

Although the IGF-I receptor/ligand system has been
implicated in cell proliferation and cancer progression,43

its role in tumor growth still remains to be elucidated. We
focused here on mechanisms underlying the regulation of
VEGF expression and angiogenesis mediated by the
IGF-IR system in pancreatic cancer, which had not been
investigated. Only a few studies have addressed the role
of IGF-I in angiogenesis (ie, regulation of VEGF expres-
sion) in benign or neoplastic disorders. Smith and col-
leagues25 recently demonstrated that interactions of
IGF-I with IGF-IR increased retinal neovascularization by

Figure 6. Effect of impaired IGF-I receptor function on pancreatic tumor
growth in vivo. In an orthotopic tumor model, pcDNA- or IGF-IR DN-
transfected L3.6pl cells (250,000 cells in 50 �l) were injected into the pan-
creas of nude mice, and 29 days later the mice were killed and the pancreatic
tumors excised. A: Tumors weighed less in the IGF-IR DN group versus in the
pcDNA group (*, P � 0.01). B: Inhibition of IGF-IR function significantly
reduced pancreatic tumor volumes (width2 � length � 0.5) (*, P � 0.01;
Mann-Whitney U-test). Data are presented as means � SEM. C: Representa-
tive pancreatic tumors (arrows) from each group.

Figure 7. Effect of IGF-IR inhibition on vessel counts, tumor cell prolifera-
tion, and tumor cell apoptosis. Tumor sections were stained for CD31 (ves-
sels), PCNA (cell proliferation), and TUNEL (apoptosis) as described in
Materials and Methods. A: Tumor vessels were counted at four different
quadrants in each tumor (1 to 2 mm inside the tumor/normal interface) and
the mean numbers of vessels calculated. IGF-IR DN tumors had significantly
fewer vessels than pcDNA tumors (*, P � 0.01; Student’s t-test). B: Inhibition
of IGF-I receptor function in IGF-IR DN cells led to significant reductions in
numbers of proliferating tumor cells with respect to controls (*, P � 0.001;
Student’s t-test). C: Tumor cell apoptosis was detected by TUNEL and nuclear
counterstaining. Tumors in the IGF-IR DN group showed higher numbers of
apoptotic cells than pcDNA tumors (*, P � 0.02; Student’s t-test). Data are
presented as means � SEM.
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up-regulating VEGF expression in retinal endothelial cells
by means of activating the MAPK signaling pathway.
IGF-IR activation also seems to be necessary for VEGF to
have the maximal effect in ocular angiogenesis.25 Similar
results were also described by Reinmuth and col-
leagues20 in their investigations of an IGF-IR DN-trans-
fected colon cancer cell line (HT29).

IGF-I induced regulation of VEGF expression in cancer
cells in vitro has been reported for breast cancer cells,44

endometrial adenocarcinoma cells,45 and colorectal can-
cer cells.21,22,39 However, the angiogenic effects of the
IGF-IR system in malignant tumors in vivo have only re-
cently been described for colorectal carcinomas.19 In
those studies, we showed that inhibition of IGF-IR func-
tion reduced VEGF expression in vitro in two human colon
carcinoma cell lines (HT29, KM12L4), which resulted in a
significant reduction of angiogenesis and hepatic colo-
rectal tumor growth in two different in vivo models.20

Tumors from IGF-IR DN-transfected cell lines in those
studies also expressed greatly less VEGF than tumors
from control (pcDNA) cells.19,20 In light of the anti-angio-
genic effects of an IGF-IR blockade in these colon cancer
models, we wanted to investigate whether IGF-IR could
also be a target in a more aggressive disease such as
pancreatic cancer. We found that the anti-angiogenic
and growth-inhibitory effects of inhibiting IGF-IR function
were even more pronounced in the pancreatic cancer
model than in the colon cancer model. To rule out a clonal
effect for the growth inhibition of IGF-IR DN-transfected
L3.6pl cells in vivo, we tested another IGF-IR DN-trans-
fected clone in a subcutaneous xenograft model and
obtained similar results, suggesting that our orthotopic
findings were not because of clonal selection. We also
tested whether the functionality of the epidermal growth
factor receptor would be affected by impaired IGF-IR
function, as has been described in other studies of the
interactions between IGF-IR and ErbB2 receptor sys-
tems.46 To do so, we stimulated IGF-IR DN- and pcDNA-
transfected L3.6pl cells with recombinant epidermal
growth factor in vitro; at 48 hours, MTT assays showed
increased numbers of pcDNA-transfected control cells

but no change in number of IGF-IR DN cells (data not
shown). Targeting IGF-IR in pancreatic cancer may
therefore be valuable, as it also affects the functionality of
the epidermal growth factor receptor system.47

One important factor in the regulation of cellular VEGF
expression and angiogenesis is the transcription factor
HIF-1�, which is frequently overexpressed or activated in
various human cancers.48–50 Fukuda and associates39

recently demonstrated that activation of IGF-IR by IGF-I
or IGF-II induced HIF-1� and VEGF expression in colon
cancer cells and that this effect was mediated by both
MAPK (Erk1/2) and PI-3K (Akt) signaling pathways.39

Similarly, we found that recombinant IGF-I mediated the
nuclear translocation of HIF-1� in L3.6pl pancreatic can-
cer cells in vitro. In contrast to parental and pcDNA cells,
IGF-IR DN-transfected cells showed not only reduced
IGF-IR and Erk1/2 phosphorylation levels but also a 50%

Figure 8. Effect of IGF-I receptor inhibition on VEGF expression in pancre-
atic tumors. Tumor sections were stained with anti-VEGF antibody and
quantified in terms of optical densities. IGF-IR DN tumors expressed signif-
icantly less VEGF than pcDNA tumors (*, P � 0.001; Student’s t-test). Data are
presented as means � SEM.

Figure 9. Immunohistochemical analysis of pancreatic tumors. Tumor sec-
tions were stained with H&E, anti-CD31 antibody, anti-PCNA antibody,
TUNEL, and anti-VEGF antibody as described in Materials and Methods.
Original magnifications: �50 (H&E, CD31, VEGF); �100 (PCNA, TUNEL).
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reduction in constitutive nuclear HIF-1� protein, suggest-
ing that an autocrine pathway involving IGF-IR and
HIF-1� activation may contribute to high VEGF levels in
these tumors. Results from recent studies investigating
the role of HIF-1� in human pancreatic cancer suggest
that the reduction of constitutive HIF-1� activation/ex-
pression, as in our IGF-IR DN cells, may potentially ac-
count for the pronounced growth inhibitory and anti-an-
giogenic effect seen in this tumor system.51,52 We also
investigated if other angiogenesis related genes such as
bFGF or thrombospondin-1 would be regulated by the
IGF-IR system. We did not observe increased bFGF lev-
els or decreased thrombospondin-1 expression, respec-
tively, on IGF-I treatment. However, it is entirely possible
that IGF-I may regulate other angiogenic molecules; how-
ever, the large number of angiogenic mediators makes it
difficult to characterize the complete angiogenic profile of
IGF-I-stimulated cells.

Further, the activation of HIF-1� may up-regulate not
only VEGF expression but also expression of the IGF-IR
ligand, IGF-II.53 This mechanism could participate in an
autocrine IGF-IR activation/VEGF expression loop in hu-
man pancreatic cancer. IGF-II has been implicated in
angiogenesis of other tumors as well.54,55 In one study,
IGF-II induced VEGF expression in human hepatoma
cells, an action that may contribute to hepatocarcinogen-
esis.54 Ritter and colleagues55 recently used microarray
technology and reverse transcriptase-polymerase chain re-
action to show that IGF-II was highly expressed during the
proliferative phase of human hemangiomas and that it was
substantially decreased during hemangioma involution.

Autocrine loops of IGF-I receptor activation in human
pancreatic cancer seem to play an important role in the
regulation and maintenance of high VEGF expression
levels. Targeting IGF-IR function may therefore be a
promising approach for anti-angiogenic treatment of hu-
man pancreatic cancer. However, the role of Cox-2 in-
hibitors as anti-angiogenic agents requires further study.
We found that Cox-2 inhibition did not reduce VEGF
expression in tumor cells in vitro; others’ findings that
Cox-2 inhibitors may inhibit angiogenesis by down-regu-
lation of cytokine-induced VEGF expression may reflect
differences in the cell lines used.56 Interestingly, treating
cells with celecoxib resulted in a compensatory increase
of Cox-2 mRNA expression, suggesting that a negative
feedback loop exists.

In summary, we found that IGF-IR is expressed and
activated in all human pancreatic adenocarcinomas ex-
amined in this study. In an experimental model, blocking
IGF-IR function inhibits angiogenesis and growth of pan-
creatic tumors, suggesting that the IGF-IR system is a
valid molecular target for the treatment of human pancre-
atic cancer.
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