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Chronic deprivation of nutrients is rare in normal tissues, however large areas of tumor are nutrient-
starved and hypoxic due to a disorganized vascular system. Some cancers show an inherent ability to
tolerate severe growth conditions. Therefore, we screened chemical compounds to identify cytotoxic
agents that function preferentially in nutrient-deprived conditions. We found that AG1024, a specific
inhibitor of insulin-like growth factor-1 receptor tyrosine kinase (IGF-1R), showed preferential cyto-

:(éi:/vgtl){rdsi toxicity to human pancreatic cancer cells in nutrient-deprived conditions relative to cells in nutri-
R s ent-sufficient conditions. The cytotoxicity of [-OMe-AG538 (another specific inhibitor of IGF-1R

IGF-1R kinase inhibitor . . . . .

AG1024 kinase) was also enhanced in nutrient-deprived cells. In addition, AG1024 and I-OMe-AG538 potently

inhibited IGF-1R activation to nutrient-deprived cells. In contrast, conventional chemotherapeutic
drugs, as well as inhibitors of PDGFR and EGFR kinases, elicited weak cytotoxicity. These data indicate
that nutrient-deprived human pancreatic cancer cells have increased sensitivity to inhibition of IGF-1R
activation. IGF-1R inhibitors offer a promising strategy for anticancer therapeutic approaches that are

Nutrient starvation
Pancreatic cancer

oriented toward tumor microenvironment.

© 2009 Elsevier Inc. All rights reserved.

Patients diagnosed with pancreatic cancer, an aggressive dis-
ease with the lowest 5-year survival rates of all cancers, develop
metastases rapidly and die within a short period of time after diag-
nosis [1,2]. Pancreatic cancer is largely resistant to almost all
known chemotherapeutic agents, including 5-fluorouracil, paclit-
axel and doxorubicin; surgery is the only current treatment modal-
ity that offers any prospect of potential cure. Clearly, there is a dire
need for new therapeutic alternatives that improve clinical out-
come for pancreatic cancer patients.

Tumor microenvironment exerts an important influence on can-
cer physiology. The disorganized vascular system in a tumor often
results in large areas of tumor starved for nutrients and oxygen. Pan-
creatic cancers in particular, which are characterized as hypovascu-
lar tumors, show an inherent ability to tolerate severe growth
conditions. Certain human pancreatic cancer cell lines, including
PANC-1, AsPC-1, BXxPC-3 and KP-3, exhibit marked environmental
tolerance and can survive for prolonged periods of time in nutri-
ent-deprived conditions. Because tolerance of these cancer cells to
nutrient starvation has been associated with the activity of protein
kinase B (PKB)/Akt [3], it has been hypothesized that agents that
diminish such tolerance could function as anticancer agents [4-7].

Insulin-like growth factors-1 (IGF-1) and -2 (IGF-2) are involved
in the pathophysiology of a wide range of human neoplasias due to
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the mitogenic and antiapoptotic properties mediated by their
type 1 receptor (IGF-1R) [8]. IGF-1R is a tetrameric transmem-
brane receptor tyrosine kinase composed of two o and B sub-
units. The extracellular o subunit is responsible for ligand
binding, whereas the B subunit consists of a transmembrane do-
main and an intracellular tyrosine kinase domain [9,10]. Ligand
binding activates the intrinsic receptor tyrosine kinase, resulting
in trans-B subunit autophosphorylation and stimulation of PI3K-
AKT-TOR and RAF-MAPK signaling pathways. In addition to cell
proliferation, activation of IGF-1R has been reported to stimulate
cell survival, transformation, metastasis and angiogenesis [11].
Targeted inhibition of IGF-1R signaling has been shown to result
in impressive anti-neoplastic activity in many in vitro and in vivo
models of common human cancers. IGF-1R small interfering
RNAs [12], anti-receptor antibodies [13,14], a IGF-1-like compet-
itive peptide antagonist [15], a dominant-negative IGF-1R [16-
18] and small-molecule IGF-1R tyrosine kinase inhibitors
[19,20] have all been found to interfere with cell growth and
proliferation. IGF-1R is therefore regarded as an attractive poten-
tial target in the development of new drugs to treat malignant
tumors.

In this study, we screened chemical compounds to identify
agents that preferentially reduce the survival of nutrient-deprived
human pancreatic cancer PANC-1 cells. The screen identified IGF-
1R inhibitors, which function as cytotoxic agents preferentially
on human pancreatic cancer cells in nutrient-deprived conditions.
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Materials and methods

Materials. Antibodies used in Western blotting included anti-
IGF-1RB (sc-713), anti-Erk 1 (sc-93) and anti-phospho-Erk (sc-
7383) from Santa Cruz Biotechnology (Santa Cruz, CA); anti-o-
tubulin (T5168) from Sigma-Aldrich (St. Louis, MO); and anti-Akt
(#9272), anti-phospho-Akt (Ser 473) (#9271), anti-phospho-Akt
(Thr 308) (#9275) and anti-phospho-IGF-1R (#3021) from Cell Sig-
naling Technology (Denvers, MA). Recombinant human IGF-1 was
from R&D Systems (Minneapolis, MN). AG1024, AG1296, AG1478
and I-OMe-AG538 were obtained from Calbiochem (Madison,
WI). Doxorubicin hydrochloride, fluorouracil, paclitaxel and mito-
mycin C were from Sigma. The SCADS inhibitor kit I consisting of
79 chemical inhibitors with ~60 different targets was kindly pro-
vided by the Screening Committee on Anticancer Drugs (Japan).

Cells and culture. Human pancreatic cancer cell lines PANC-1,
Capan-1, MIA Paca-2, BXxPC-3 and PSN-1 were obtained from the
American Type Culture Collection (Rockville, MD). Cells were
grown at 37 °C with 5% CO, in Dulbecco’s modified Eagle medium
(DMEM; Nissui, Tokyo, Japan) supplemented with 10% fetal bovine
serum (FBS; Tissue Culture Biologicals, Tulare, CA), 100,000 U/L
penicillin G, and 100 mg/L streptomycin. Nutrient starvation was
achieved by culturing the cells in nutrient-deprived medium
(NDM) as previously described [3-7]. Briefly, the composition of
the NDM was as follows: 265 mg/L CaCl,-H,0, 400 mg/L KCl,
200 mg/L MgS04-7H,0, 6400 mg/L NaCl, 163 mg/L NaH,P04-2H,0,

0.1 mg/L Fe(NOs)3-9H,0, 5 mg/L phenol red, 100,000 U/L penicillin
G, 100 mg/L streptomycin, 25 mmol/L HEPES buffer (pH 7.4), and
MEM vitamin solution (Invitorogen, Carlsbad, CA); the final pH
was adjusted to 7.4 with 10% NaHCOs.

Preferential cytotoxicity in nutrient-deprived conditions. PANC-1
cells (2.5 x 10% cellsjwell) in 96-well plates were cultured in
DMEM for 24 h. The cells were washed with PBS and the medium
was replaced with either fresh DMEM or NDM. Test samples were
added to the well and cells were cultured for 24 h. Cytotoxicity was
determined using the MTT assay [21].

Preparation of cell lysate and Western blotting. PANC-1 cells
(5 x 10°) in 35-mm dishes were incubated in DMEM for 24 h.
The cells were washed with PBS and the medium was replaced
with either fresh DMEM or NDM. AG1024 or [-OMe-AG538 was
added to each dish and the cells were incubated for 1 h prior to
stimulation with 50 ng/ml IGF-1 for 10 min. The cells were washed
twice with ice-cold PBS containing 100 pm NasVO,4 and then lysed
in a lysis buffer (20 mM N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid, 150 mM NaCl, 1% Triton X-100, 10% glycerol, 1 mM
EDTA, 50 mM NaF, 50 mM B-glycerolphosphate, 1 mM NasVOy,,
pH 7.5, and 25 pg/ml each of antipain, leupeptin, and pepstatin).
Equal amounts of protein extract were separated by SDS-poly-
acrylamide gel electrophoresis, transferred onto Immobilon polyvi-
nylidene difluoride membranes (Millipore, Bedford, MA) and
probed with anti-IGF-1R, anti-phospho-IGF-1R, anti-Akt, anti-
phospho-Akt (Thr 308), anti-phospho-Akt (Ser 473), anti-Erk 1,
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Fig. 1. Effect of AG1024 on survival of PANC-1 cells in nutrient-deprived conditions. (A) Structure of AG1024. (B) Effect of AG1024 on PANC-1 cell viability in normal medium,
DMEM (@) and nutrient-deprived medium, NDM (O). PANC-1 cells incubated in DMEM for 24 h. The cells were then washed with PBS and the medium was replaced with
either fresh DMEM or NDM. The indicated concentrations of AG1024 were added to each well and the cells were incubated for 24 h. Cell viability was determined using the
MTT assay. (C) Flow cytometric analysis of AG1024-treated PANC-1 cells. PANC-1 cells were cultured with 0.3 uM AG1024 in DMEM or NDM for 12 h. The cells were stained
with annexin V-FITC and propidium iodide according to instructions for the apoptosis detection kit and then analyzed using a flow cytometer. (D) Effect of conventional
anticancer drugs on survival of PANC-1 cells in nutrient-deprived conditions. PANC-1 cells were incubated with indicated concentrations of doxorubicin, 5-fluorouracil and

paclitaxel in DMEM (@) or NDM (O) for 24 h.
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Fig. 2. Effect of AG1024 on IGF-1R activation. PANC-1 cells incubated in DMEM for
24 h were washed with PBS and the medium was replaced with either fresh DMEM
or NDM. The cells were incubated with the indicated concentration of AG1024 for
1 h before stimulation with 50 ng/ml IGF-1 for 10 min. Cell lysates were resolved
using SDS-PAGE and transferred to membranes for western blotting with specific
antibodies.

anti-phospho-Erk, or anti-tubulin antibodies. Horseradish peroxi-
dase-linked anti-rabbit IgG or anti-mouse IgG antibodies were
used as secondary antibodies (GE Healthcare, Piscataway, NJ).
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The blots were developed using ECL reagent according to the man-
ufacturer’s instructions (GE healthcare).

Flow cytometric analysis. PANC-1 cells (5 x 10°) in 60-mm dishes
were incubated in DMEM for 24 h. The cells were washed with PBS
and the medium was replaced with either fresh DMEM or NDM.
AG1024 (0.3 uM) was then added and the cells were cultured for
12 h. The cells were incubated with annexin V-FITC and propidium
iodide using an annexin V-FITC apoptosis detection kit (Biovision
Research Products, Mountain View, CA) and analyzed using a flow
cytometer (FACSCalibur; BD Biosciences, Franklin Lakes, NJ).

Statistical analysis. All data are representative of three indepen-
dent experiments with similar results. The statistical data are ex-
pressed as mean * SD using descriptive statistics.

Results

AG1024 is preferentially cytotoxic to human pancreatic cancer PANC-1
cells in nutrient-deprived conditions

To identify cytotoxic agents that function preferentially on
nutrient-deprived cells, we tested the cytotoxic effects of small-
molecule inhibitors in the SCADS inhibitors kit I. As shown in Table
S1, a specific inhibitor of IGF-1R tyrosine kinase, termed AG1024,
was found to be cytotoxic to PANC-1 cells in nutrient-deprived
medium (NDM), but not in normal medium (DMEM). The structure
of AG1024 [22], otherwise known as 2-(3-bromo-5-t-butyl-4-
hydroxybenzylidene)malonitrile, is shown in Fig. 1A. To determine
the dose-response relationship of AG1024 cytotoxicity, PANC-1
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Fig. 3. Effect of -OMe-AG538 on survival of nutrient-deprived PANC-1 cells. (A) Structure of [-OMe-AG538. (B) Effect of -OMe-AG538 on PANC-1 cell viability in DMEM (@)
or NDM (O). PANC-1 cells were incubated with the indicated concentrations of I-OMe-AG538 in DMEM or NDM for 24 h. (C) Effect of -OMe-AG538 on IGF-1R activation.
PANC-1 cells in DMEM or NDM were incubated with the indicated concentration of I-OMe-AG538 for 1 h before stimulation with 50 ng/ml IGF-1 for 10 min. Cell lysates were
resolved using SDS-PAGE and transferred to membranes for western blotting with specific antibodies.
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cells grown in NDM or DMEM were exposed to increasing concen-
trations of AG1024 for 24 h (Fig. 1B). The cytotoxic effect of
AG1024 was more than 100 times greater on nutrient-deprived
PANC-1 cells (NDM ICsq 0.055 M) relative to cells in nutrient-suf-
ficient medium (DMEM ICs 21 pM). In DMEM, 0.3 pM AG1024 did
not induce any significant PANC-1 cell death as determined using
propidium iodide and annexin V staining and flow cytometry
(Fig. 1C). In contrast, 34% of the cells grown in NDM and treated
with the same concentration of AG1024 showed propidium io-
dide-positive/annexin V-negative staining. We compared the cyto-
toxicity of AG1024 to that of several conventional anticancer drugs,
including doxorubicin, 5-fluorouracil and paclitaxel, in PANC-1
cells grown in NDM versus DMEM (Fig. 1D). The cytotoxicity of
doxorubicin, 5-fluorouracil and paclitaxel on PANC-1 cells grown
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Fig. 4. Effect of AG1024 and I-OMe-AG538 on various human pancreatic cancer cell
lines in nutrient-deprived conditions. Human pancreatic cancer cells were incu-
bated with indicated concentrations of AG1024 or I-OMe-AG538 in DMEM (@) or
NDM (O) for 24 h. A,B, Capan-1; C,D, MIA Paca-2; E,F, BXPC-3; G,H, PSN-1.

in either medium for 24 h was significantly weaker than AG1024.
These results demonstrate clearly that AG1024 exhibits preferen-
tial cytotoxicity to nutrient-deprived PANC-1 cells.

AG1024 inhibits activation of IGF-1R in nutrient-deprived PANC-1 cells

Because AG1024 is a specific inhibitor of IGF-1R kinase, we
examined the effect of AG1024 on IGF-1-mediated phosphoryla-
tion of IGF-1R in PANC-1 cells grown in different media (Fig. 2).
While addition of 0.3 uM AG1024 to PANC-1 cells grown in NDM
resulted in a complete inhibition of IGF-1R autophosphorylation,
phosphorylation of IGF-1R was only weakly inhibited in cells
grown in DMEM with 10-fold higher concentrations of AG1024
(3 uM). AG1024 also inhibited the phosphorylation of Akt (Thr
308), Akt (Ser 473) and Erk, which normally occur as a result of
IGF-1R activation. These results demonstrate that AG1024 is a po-
tent inhibitor of IGF-1R activation in nutrient-deprived PANC-1
cells.

I-OMe-AG538 is preferentially cytotoxic to nutrient-deprived PANC-1
cells

In testing whether other IGF-1R inhibitors also functioned pref-
erentially in nutrient-deprived cells, we found that I-OMe-AG538
[23] (another specific inhibitor of IGF-1R, Fig. 3A) also was more
cytotoxic to cells in nutrient-deprived medium relative to those
in nutrient-sufficient conditions (Fig. 3B). The effect of I-OMe-
AG538 on IGF-1R activation in nutrient-deprived cells was similar
to AG1024, in that it blocked phosphorylation of IGF-1R, Akt and
Erk (Fig. 3C). Our results demonstrate clearly that the IGF-1R inhib-
itors AG1024 and I-OMe-AG538 both inhibit IGF-1R-mediated sig-
naling and are preferentially cytotoxic to nutrient-deprived PANC-
1 cells.

Inhibitors of IGF-1R show preferential cytotoxicity to various human
pancreatic cancer cells lines in nutrient-deprived conditions

To determine whether inhibitors of IGF-1R kinase exhibit pref-
erential cytotoxicity to other nutrient-deprived human pancreatic
cancer cell lines, we examined the cytotoxic effects of AG1024
and [-OMe-AG538 on Capan-1, MIA Paca-2, BxPC-3, and PSN cells
(Fig. 4). AG1024 and 1-OMe-AG538 were significantly more cyto-
toxic to all four human pancreatic cancer cell lines in NDM relative
to DMEM, indicating that the cytotoxicity of IGF-1R kinase inhibi-
tors is likely to occur in nutrient-deprived human pancreatic can-
cer cells. To understand the specificity of IGF-1R kinase
inhibitors, we also examined the cytotoxic effects of other repre-
sentative receptor tyrosine kinase inhibitors (Fig. S1). The cytotox-
icities of AG1296 (a PDGFR kinase inhibitor) [24] and AG1478 and
PD168393 (EGFR kinase inhibitors) [25-27] were significantly re-
duced, relative to IGF-1R inhibitors, in both nutrient-deprived
and -fed PANC-1 cells. These results indicate that specific inhibi-
tion of IGF-1R kinase is important in promoting preferential cyto-
toxicity in nutrient-starved human pancreatic cancer cells.

Discussion

Tumor microenvironment strongly influences tumor growth
and progression. Many aspects of physiology that differentiate so-
lid tumors from normal tissues arise from differences in vascula-
ture. Disorganized vascular systems in tumors result in large
areas of tumor exposed to nutrient starvation and hypoxic condi-
tions. In addition, due to the unregulated growth of tumor cells
caused by genetic and epigenetic alterations, cells proliferate more
rapidly than normal cells and nutrient and oxygen demands often
exceeds supply [28-30]. Cancer cells, in particular highly aggres-
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sive tumors such as pancreatic cancer that are relatively hypovas-
cular, are able to survive even in conditions of low nutrients and
low oxygen supply. Since chronic nutrient deprivation seldom oc-
curs in normal tissues, one strategy for anticancer agent develop-
ment is to target cancer cells growing in nutrient-deprived
conditions. Thus, we screened to identify cytotoxic agents that
function preferentially in nutrient-deprived cells.

We found that AG1024, a specific inhibitor of IGF-1R kinase,
showed preferential cytotoxicity to human pancreatic cancer
PANC-1 cells grown in nutrient-deprived medium. Conventional
chemotherapeutic drugs such as doxorubicin, 5-fluorouracil and
paclitaxel, were only weakly cytotoxic to nutrient-deprived
PANC-1 cells, suggesting that AG1024 may be a unique and attrac-
tive starting compound in the development of an antitumor agent.
AG1024 has been reported to induce apoptosis in human breast
cancer MCF-7 cells [31]. In our present study, flow cytometric anal-
ysis showed that AG1024 increased propidium iodide staining
without annexin V of nutrient-deprived PANC-1 cells. Kigamicin
D and (6aR,11aR)-3,8-dihydroxy-9-methoxypterocarpan induced
necrosis in nutrient-deprived cells [4,32]. Therefore, AG1024 may
induce necrosis under nutrient starvation. [-OMe-AG538, another
IGF-1R kinase inhibitor that differs in structure from AG1024,
was also cytotoxic to nutrient-deprived PANC-1 cells. These IGF-
1R kinase inhibitors also were cytotoxic to other nutrient-deprived
human pancreatic cancer cell lines, including Capan-1, MIA Paca-2,
BxPC-3 and PSN.

IGF-1 binding to the IGF-1R results in activation of receptor
tyrosine kinases that stimulates signaling through intracellular
networks, including PI3K-AKT-TOR and RAF-MAPK, which then
promote cell proliferation and inhibit apoptosis. We found that
the IGF-1R kinase inhibitors AG1024 and I-OMe-AG538 blocked
phosphorylation of IGF-1R by IGF-1 preferentially in cells cultured
in nutrient-deprived conditions relative to those in nutrient-suffi-
cient conditions. These IGF-1R kinase inhibitors also suppressed
phosphorylation of Akt and Erk, demonstrating that activation of
pathways downstream of the IGF-1R were also blocked in nutri-
ent-deprived conditions.

Unlike AG1296 (a PDGFR kinase inhibitor) or AG1478 and
PD168393 (EGFR kinase inhibitors), which are less cytotoxic in
nutrient-deprived PANC-1 cells, preferential inhibition of IGF-1
signaling by IGF-1R kinase inhibitors suggests that this pathway
may play an important role in cell survival in stress conditions
such as nutrient deprivation. The Akt pathway, which functions
downstream of IGF-1R, plays a critical role in the proliferation,
survival, motility, morphology and therapeutic resistance of can-
cer cells [33,34]. Because Akt has been demonstrated to regulate
cell survival in various stress conditions, including nutrient
deprivation, this kinase is viewed as a promising target for can-
cer therapeutics. Akt inhibitors have been developed including
PX-316, which shows antitumor activity against human MCF-7
breast cancer and HT-29 colon cancer xenografts in mice [35].
Thus, part of the preferential cytotoxicity of IGF-1R kinase inhib-
itors in nutrient-deprived conditions may be due to inhibition of
Akt activation.

The IGF-1 receptor is universally expressed in various hemato-
logic and solid tumor cells. NVP-ADW742, another specific inhibi-
tor of IGF-1R kinase, has been shown to be a significant antitumor
agent in an orthotopic xenograft multiple myeloma model [20].
Oral administration of the IGF-1R kinase-specific inhibitor NVP-
AEW541 has been shown to inhibit IGF-1R signaling in tumors
and to reduce tumor growth in a xenograft fibrosarcoma model
[19]. The potent cytotoxicity of AG1024 and I-OMe-AG538 to pan-
creatic cancer cell lines deprived of nutrients (simulating a tumor
microenvironment) makes IGF-1R a promising target for new
drugs that may be developed to treat a broad spectrum of malig-
nant tumors.
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