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ABSTRACT
Amplification of seven oncogenes: HER2, EGFR, FGFR1, FGFR2, MET, KRAS and
IGF1R has been identified in gastric cancer. The first five are targeted therapeutically
in patients with HER2-positivity, FGFR2- or MET-amplification but the majority of
patients are triple-negative and require alternative strategies. Our aim was to evaluate
the importance of the IGF1R tyrosine kinase in triple-negative gastric cancer with and
without oncogenic KRAS, BRAF or PI3K3CA mutations. Cell lines and metastatic tumor
cells isolated from patients expressed IGF1R, and insulin-like growth factor-1 (IGF-1)
activated the PI3-kinase/Akt and Ras/Raf/MAP-kinase pathways. IGF-1 protected
triple-negative cells from caspase-dependent apoptosis and anoikis. Protection was
mediated via the PI3-kinase/Akt pathway. Remarkably, IGF-1-dependent cell survival
was greater in patient samples. IGF-1 stimulated triple-negative gastric cancer cell
growth was prevented by IGF1R knockdown and Ras/Raf/MAP-kinase pathway
inhibition. The importance of the receptor in cell line and metastatic tumor cell growth
in serum-containing medium was demonstrated by knockdown and pharmacological
inhibition with figitumumab. The proportions of cells in S-phase and mitotic-phase,
and Ras/Raf/MAP-kinase pathway activity, were reduced concomitantly. KRASaddicted and BRAF-impaired gastric cancer cells were particularly susceptible. In
conclusion, IGF1R and the IGF signal transduction pathway merit consideration as
potential therapeutic targets in patients with triple-negative gastric cancer.

INTRODUCTION

validation of therapeutic targets followed by clinical trials
of appropriate drugs.
Approximately 7-17% of advanced gastric cancers
have HER2 overexpression or amplification [5], 2-7%
have FGFR2 amplification [6, 7] and 2-8% have MET
amplification [8, 9]. KRAS is mutated in a significant
proportion but BRAF is mutated less frequently in gastric
cancers [10]. Trastuzumab is offered to, and lapatinib is
in clinical trial for, patients with human epidermal growth
factor receptor 2 (HER2)-positive advanced gastric
cancer [11], [12], and inhibitors that target hepatocyte
growth factor receptor (c-Met) and fibroblast growth

Gastric cancer is the third leading cause of cancerrelated death worldwide. Approximately 720,000 of the
990,000 individuals diagnosed annually die from their
disease [1]. Patients who present with early gastric cancer
are eligible for perioperative chemotherapy and surgical
resection [2]. Patients with advanced, inoperable disease
are offered palliative chemotherapy to prolong survival
and alleviate symptoms [3]. The median survival is only
11.2 months [4]. There is an urgent need for preclinical
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In the present study, the significance of IGF1R and
the importance of the IGF signal transduction pathway in
the phenotypic responses of triple-negative gastric cancer
cell lines with and without mutations in KRAS, BRAF and
PIK3CA, and in tumor cells isolated directly from gastric
cancer patients, are investigated.

factor receptors (FGFRs) are under clinical trial [13].
There remain around 70% of patients who are not eligible
for targeted therapies against these three tyrosine kinase
receptors. Such triple-negative cancers require alternative
therapeutic strategies.
A recent genomic study of gastric cancers identified
somatic copy number alterations of seven oncogenes
involved in tyrosine kinase/MAP-kinase pathways: KRAS,
EGFR, HER2, FGFR1, FGFR2, MET and IGF1R [14].
Activating mutations were found in KRAS and PIK3CA.
A second study reported IGF1R amplification especially
in CIN and GS subtypes [15]. Insulin-like growth factor
(IGF) pathway activity has been reported in METamplified gastric cancer cells [16, 17] and the pathway
has been proposed as a means by which HER2-amplified
NCI-N87 circumvent lapatinib inhibition [18]. The IGFdependence of triple-negative gastric cancer cells has not
been investigated.
The IGF signal transduction pathway has three
ligands, IGF-1, IGF-2 and insulin, which transduce their
signals through the type I IGF receptor, that is encoded
by IGF1R, and the insulin receptor [19]. Inhibitors of
the IGF signal transduction pathway include monoclonal
antibodies specific for the type I IGF receptor, and tyrosine
kinase inhibitors most of which target both the type I IGF
and the insulin receptors. Phase I and phase II clinical
trials of these inhibitors were encouraging [20, 21]. Phase
III trials in non-small cell lung cancer (NSCLC) failed
to show significant clinical benefit [22] possibly because
patients were not stratified prior to treatment [23], [24].

RESULTS
Tyrosine kinase receptor expression
HER2, FGFR2 and c-Met expression was analyzed
in gastric adenocarcinoma cell lines. HER2 was expressed
at higher levels in NCI-N87 than in HER2-amplified SKBR-3 breast cancer cells (Figure 1A). KATO III and SNU16 expressed highest concentrations of FGFR2. SNU-5
expressed the most c-Met, followed by KATO III and low
levels were detected in SNU-16 and NUGC3. Expression
of the three tyrosine kinase receptors was undetectable
in SNU-1, MKN74 and AGS, and NUGC3 expressed
only low levels of c-Met. These cells provide models of
unamplified, triple-negative gastric cancer with which to
investigate the importance of signal transduction pathways
that might drive cell survival and proliferation.
Type I IGF receptor expression was measured in
the gastric cancer cell lines and compared to expression
in IGF-responsive breast cancer cells [25-27] (Figure 1B).
Kato III, SNU-16, SNU-1, MKN74 and NUGC3 expressed

Figure 1: Expression of tyrosine kinase receptors in gastric cancer cells. SK-BR-3, MCF-7, NCI-N87, KATO III, SNU-16,

SNU-5, SNU-1, MKN74, NUGC3 and AGS were grown to 70% confluence and lysed. Aliquots of 10 μg of protein were electrophoresed
on polyacrylamide gels, transferred to nitrocellulose and incubated with antibodies against HER2, FGFR2, c-Met A., type I IGF receptor,
pan Akt, ERK1 and ERK2 B. and β-tubulin and developed as described in the Materials and Methods. Representative images are shown.
www.impactjournals.com/oncotarget
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high amounts of type I IGF receptor, comparable to
MCF-7 breast cancer cells that are exquisitely responsive
to IGFs. NCI-N87 and AGS expressed relatively less
receptor and there were very low levels in SNU-5. All
gastric cancer cell lines expressed Akt, ERK1 and ERK2,
but Akt expression was lower in KATO III and MKN74,
and ERK1 and ERK2 were lower in SNU-5.

explored. To allow the effects of growth factors to be
tested, cells were cultured for one (SNU-1) or two days
in withdrawal medium that contained 10% calf serum
that had been incubated with dextran-coated charcoal to
remove growth factors prior to stimulation with IGF-1
[25, 28]. IGF receptor phosphorylation was undetectable
in cells grown in the absence of IGF-1 but was detectable
after IGF-1 stimulation in all cell lines except METamplified SNU-5, which has low receptor levels (Figure
2A). IGF-stimulated receptor phosphorylation and
total type I IGF receptor were detected in SNU-5 after
incubation with higher antibody concentrations (Figure
2C). Phosphorylated Akt was not detected in the absence

Activation of IGF signal transduction
The implication that gastric cancer cells might be
responsive to the IGF signal transduction pathway was

Figure 2: Activation of signal transduction pathways in gastric cancer cells. NCI-N87, KATO III, SNU-16, SNU-5, SNU-1,

MKN74, NUGC3 and AGS were withdrawn for one (SNU-1) or two days, stimulated with 50 ngml-1 IGF-1 for 15 min and lysed A. and
C. Aliquots of 10 μg of protein were electrophoresed on polyacrylamide gels, transferred to nitrocellulose and incubated with antibodies
against, phosphorylated IGF receptors, type I IGF receptor, phosphorylated Akt, pan Akt, phosphorylated ERK1 and ERK2, ERK1 and
ERK2, or GAPDH and developed. Representative images from incubations with the same antibody concentrations and exposure times for
each detection antibody are shown to allow comparison between cell lines. Images obtained after incubation with antibodies against the
total individual proteins are beneath those of the corresponding phosphorylated proteins. Driver amplifications and mutations discussed in
the text are shown in bold cerise B. For SNU-5, additional longer exposures after incubation with higher concentrations of the type I IGF
receptor and phosphorylated IGF receptor antibodies and after incubation with the same concentration of phosphorylated Akt antibody and
are shown C.
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cancer cell lines. In MET-amplified SNU-5, stimulation
was not detected under the standardized detection
conditions but was after prolonged exposure (Figure 2C).

of IGF-1 in four of the cell lines, including those with
amplified FGFR2, and was low in the other cell lines.
IGF-1 stimulated Akt phosphorylation in all eight gastric

Figure 3: Protective effect of IGF-1 against anoikis and apoptosis in triple-negative gastric cancer cells. For induction of

anoikis, NUGC3 and AGS cells were added to uncoated or poly-HEMA-coated plates A. or to poly-HEMA-coated plates in the absence
or presence of 50 ngml-1 IGF-1 B. Cells cultured in poly-HEMA-coated plates lost their characteristic polygonal appearance and grew as
rounded detached cells A. Cells were lysed and the amount of cleaved PARP was analysed by Western transfer B. The amount of cleaved
PARP was measured by densitometric scanning of the X-ray films, corrected for GAPDH expression with Labworks 4 software and
expressed as the percentage of the maximum value measured for each cell line. The mean values ± SEM are shown. Asterisks indicate
times at which cleaved PARP levels are statistically significantly lower in the presence of IGF-1 than in its absence (Two-way ANOVA;
NUGC3, p < 0.0001; AGS, p < 0.0001). For apoptosis, SNU-1, NUGC3 and AGS cells were incubated with staurosporine in the absence
and presence of 50 ngml-1 IGF-1 C. Cells were lysed and cleaved PARP measured and analyzed as described above (Two-way ANOVA;
SNU-1, p < 0.0001; NUGC3, p < 0.0001; AGS, p = 0.0002).
www.impactjournals.com/oncotarget
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Stimulation of Akt phosphorylation was greatest in Kato
III, SNU-1, MKN74 and NUGC3. IGF-1 stimulated ERK1
and ERK2 phosphorylation in NCI-N87, SNU-16, SNU-1,
MKN-74, NUGC3 and AGS cells.
Thus the IGF signal transduction pathway is active
and IGF-1 activates both the PI3-kinase/Akt and Ras/
Raf/MAP-kinase pathways in gastric cancer cells. SNU1 and AGS harbor activating KRAS mutations (Figure
2B) [29]; SNU-1 are addicted to the Ras pathway as
evidenced by their sensitivity to the MEK1 and MEK2
inhibitor, selumetinib [29]. AGS are less sensitive to
selumetinib possibly because they have an activating
PI3KCA mutation [29]. MKN74 have a BRAF-impaired
mutation and are insensitive to the BRAF-V600E-specific
inhibitor, vemurafenib [30]. NUGC3 are wild-type for
KRAS, BRAF and PI3KCA. Notably, IGF-1 stimulated
phosphorylation of ERK1 and ERK2 in KRAS-activated
and BRAF-impaired gastric cancer cells. Similarly, Akt
phosphorylation was stimulated in PI3KCA-activated AGS
cells.

dependent, cleaved caspase 3 and cleaved PARP were
analyzed by immunofluorescence. There was a significant
increase in the proportion of SNU-1 and NUGC3 cells
with detectable cleaved caspase 3 in staurosporine-treated
compared to untreated cells (Figure 4A and 4B). IGF-1
reduced the proportion of SNU-1 and NUGC3 cells with
detectable cleaved caspase 3. The increase in cleaved
PARP detected after staurosporine treatment was reduced
significantly by IGF-1 in SNU-1 and NUGC3.
Phosphorylated Akt was not detected in untreated
cells or in apoptotic cells but was detected in the majority
of staurosporine-treated SNU-1 and NUGC3 cells that had
been incubated with IGF-1. The inference that activation
of the PI3-kinase/Akt pathway may be important for the
protective effect of IGF-1 on cell survival was tested
with the PI3-kinase inhibitor, LY294002. IGF-stimulated
phosphorylation of Akt was reduced significantly in the
presence of LY294002 and there was a concomitant
abrogation of the protective effect of IGF-1 on cell
survival (Figure 4C). In contrast, while the MEK1 and
MEK2 inhibitor, U0126, prevented phosphorylation
of ERK1 and ERK2, it had no effect on IGF-protection
(Figure 4D). These results indicate that activation of the
PI3-kinase/Akt pathway is important for IGF-1-protection
against cell death.
To investigate if triple-negative gastric cancer cells
are protected from apoptosis by other growth factors,
cells were incubated with IGF-1, epidermal growth factor
(EGF) or the EGF domain of heregulin-β1 (HRG1-β1). In
SNU-1, IGF-1 induced massively phosphorylation of Akt,
EGF induced some phosphorylation but HRG1-β1 did not
stimulate detectable phosphorylation of Akt (Figure 5A).
IGF-1 was the only growth factor that protected SNU-1
cells from anoikis (Figure 5B). In NUGC3, both IGF-1
and HRG1-β1 stimulated Akt phosphorylation but only
IGF-1 protected cells from apoptosis.

IGF-1 protects triple-negative gastric cancer cells
from cell death
Anoikis is a form of programmed cell death
initiated by disruption of interactions between normal
epithelial cells and the extracellular matrix. Anoikis
resistance enables cancer cell invasion and dissemination
[31]. Anoikis is mediated through the intrinsic pathway
in which caspase 3 is cleaved into active 17 and 12 kDa
fragments. Consequently, 113 kDa poly(ADP-ribose)
polymerase (PARP) is inactivated by removal of its DNAbinding domain to produce the 89 kDa inactive fragment.
To test the hypothesis that IGF-1 is important for
the resistance of triple-negative gastric cancer cells to
anoikis, cell attachment was prevented by culture in polyHEMA-coated plates (Figure 3A) [31, 32]. The cells lost
their characteristic polygonal morphology and appeared as
rounded cells in suspension. Cleaved PARP was detected
by 4 h and increased further by 24 h in unattached NUGC3
and AGS (Figure 3B). Incubation with IGF-1 reduced
the amount of cleaved PARP four-fold and the amount
remained low over 24 h. SNU-1 grow in suspension and
are inherently resistant to anoikis and cell death was not
induced in unattached MKN74 cells (data not shown).
Staurosporine is a protein kinase inhibitor that
induces apoptosis via the intrinsic pathway [33]. In
SNU-1, cleaved PARP was detected after two hours
of staurosporine treatment and increased thereafter up
to 24 hours (Figure 3C). IGF-1 protected SNU-1 cells
from apoptosis. Similarly, IGF-1 prevented apoptosis in
NUGC3 and AGS by up to 70%. Staurosporine did not
initiate apoptosis in MKN74 which were remarkably
resistant to cell death (data not shown).
To confirm that the cell death induced is caspasewww.impactjournals.com/oncotarget

The IGF signal transduction pathway in patient
samples
Malignant gastric cancer cells were isolated from
the ascitic fluid accumulated in the peritoneal cavity of
patients with advanced gastric adenocarcinoma. The
morphology of cells following isolation is shown in Figure
6A. Tumour cells grew with a characteristic epithelial-cell,
pavement-like appearance as monolayers in culture and
expressed epithelial cytokeratins. None of the patient cells
expressed detectable HER2, FGFR2 or c-Met consistent
with absence of HER2-, FGFR2- and Met-amplification
(Figure 6B). In contrast, expression of the type I IGF
receptor was detected. Incubation in the absence and
presence of IGF-1 demonstrated IGF-stimulated receptor
activation by auto-phosphorylation (Figure 6C). IGF-1
stimulated dramatically phosphorylation of Akt in all the
patient samples. ERK1 and ERK2 phosphorylation was
54449
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Figure 4: IGF protects gastric cancer cells from caspase-dependent cell death via the PI3-kinase/Akt pathway. SNU-

1 and NUGC3 cells were treated for 4 and 24 h, respectively with staurosporine (stau.) in the absence and presence of 50 ngml-1 IGF-1.
Cells were fixed and incubated with antibodies against cleaved caspase 3, cleaved PARP and phosphorylated Akt A. and B. Nuclei were
identified with the DAPI DNA dye. The proportion of cells with detectable cleaved caspase 3, cleaved PARP and phosphorylated Akt is
shown as means ± SEM. Asterisks indicate differences that are statistically significant (One-way ANOVA; SNU-1, cleaved caspase 3, p <
0.0001; cleaved PARP, p = 0.0002; phosphorylated Akt, p < 0.0001; NUGC3, cleaved caspase 3, p < 0.0001; cleaved PARP, p < 0.0001;
phosphorylated Akt, p < 0.0001). SNU-1 cells were treated with staurosporine in the absence and presence of 50 ngml-1 IGF-1 and 20 µM
LY294002 or 6 μM U0126 inhibitor, lysed and cleaved PARP, phosphorylated Akt, ERK1 and ERK2 were measured and corrected for the
expression of GAPDH or total corresponding protein C. Asterisks indicate phosphorylated protein levels that are significantly lower in the
presence of an inhibitor than in its absence (Two-way ANOVA; phosphorylated Akt, p < 0.0001; phosphorylated ERK1 and ERK2, p =
0.0006) or cleaved PARP levels that are statistically significantly higher in the presence of an inhibitor (Two-way ANOVA; for LY294002
inhibitor, p = 0.0001. NS indicates values that are not significantly different.
www.impactjournals.com/oncotarget
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stimulated in all cells and increased markedly in GC1.
These malignant cells isolated directly from gastric cancer
patients have clearly a functional and responsive IGF
signal transduction pathway.
Anoikis was induced in patient samples by culture
in poly-HEMA-coated wells to prevent attachment. The
cells became rounded and PARP cleavage was detected.
Incubation in the presence of IGF-1 conveyed anoikis
resistance (Figure 7A). Concomitant with the IGFprotection of the unattached cells from anoikis, IGF-1
stimulated activation of the PI3-kinase/Akt but not the
Ras/Raf/MAP-kinase pathway which is consistent with
the survival effect being mediated through the PI3-kinase/
Akt pathway.
The protective effect of IGF-1 against induction
of apoptosis was tested in the patient samples. PARP
cleavage was induced, and IGF-1 shown to reduce PARP
cleavage to barely detectable levels in these metastatic
tumor cells (Figure 7B). As with protection from anoikis,
the protection afforded against apoptosis was greater for

Figure 6: Expression and activation of the IGF
signal transduction pathway in patient samples. GC1,
HC1, NC1 and JW1 cells were grown to 70% confluence and
photographed or fixed and incubated with fluorescently-labelled
antibody against epithelial cytokeratins A. Expression of HER2,
FGFR2, c-Met, type I IGF receptor, Akt, ERK1 and ERK2
were analyzed by western transfer as described in the legend
to Figure 1 B. GC1, HC1, NC1 and JW1 cells were withdrawn
for two days and stimulated with 50 ngml-1 IGF-1 for 15 min.
Phosphorylation of IGF receptors, Akt, ERK1 and ERK2 was
analyzed by western transfer as described in the legend to Figure
2A.

Figure 5: IGF, but not EGF or heregulin, protects
gastric cancer cells from caspase-dependent cell death.
SNU-1 and NUGC3 cells were incubated with staurosporine in
the absence (-GF) and presence of 50 ngml-1 IGF-1, EGF or
HRG1-β1. Phosphorylated Akt, total Akt, cleaved PARP and
GAPDH were measured and analyzed as described in the legends
to figures 3 and 4 A. and B. Asterisks indicate differences that are
statistically significant (One-way ANOVA; cleaved PARP, SNU1 IGF-1, p < 0.0001; NUGC3, IGF-1, p < 0.01).
www.impactjournals.com/oncotarget
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Importance of the IGF signal transduction
pathway in proliferation

the patient cells than for the established gastric cancer cell
lines. IGF-1 stimulated significant phosphorylation of Akt
even in the presence of staurosporine. In contrast, IGF-1
did not stimulate activation of the Ras/Raf/MAP-kinase
pathway in staurosporine-treated cells.

IGF-1 increased significantly the growth of MKN74
by 50% and the growth rate of NUGC3 more than doubled

Figure 7: Role of IGF signal transduction in the survival of gastric cancer patient samples induced to undergo anoikis
or apoptosis. GC1, HC1, NC1 and JW1 cells were grown in poly-HEMA-coated wells, in the absence or presence of 50 ngml-1 IGF-1 for

24 h (GC1 and HC1) or 6 h (NC1 and JW1) A. Cells were incubated in the absence or presence of 0.5 μM staurosporine (GC1, HC1 and
JW1) or 1 μM staurosporine (NC1), in the absence or presence of 50 ngml-1 IGF-1 for 5 h B. Cells were lysed and cleaved PARP, GAPDH,
phosphorylated Akt, ERK1 and ERK2 were measured. Asterisks indicate levels that are statistically significantly lower or higher in the
presence of IGF-1 than in its absence (One-way ANOVA; for anoikis GC1; cleaved PARP, p < 0.0001, pAkt, p < 0.001, HC1; cleaved
PARP, p = 0.0003, NC1, cleaved PARP, p < 0.0011, pAkt, p = 0.0003; JW1, cleaved PARP, p < 0.0004; for apoptosis; GC1; cleaved PARP,
p < 0.0001, pAkt, p < 0.001, HC1; cleaved PARP, p < 0.0001, pAkt, p < 0.0001, NC1, cleaved PARP, p < 0.0001, pAkt, p = 0.0033; JW1,
cleaved PARP, p < 0.0001). NS indicates values that are not significantly different.
www.impactjournals.com/oncotarget
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in the presence of IGF-1 (Figure 8A). The role of the type
I IGF receptor in the proliferative response to IGF-1 was
investigated. Three siRNA sequences against the type I
IGF receptor reduced its expression; two to undetectable
levels (Figure 8B). The proliferative response to IGF-1
was reduced significantly in cells in which expression of
the type I IGF receptor had been decreased (Figure 8C).
Treatment of cells with the MEK1 and MEK2 inhibitor,
U0126, which did not inhibit the IGF-cell survival effect,
abrogated the proliferative effect of IGF-1 (Figure 8D).
The data indicate that IGF-1 stimulated proliferation of
gastric cancer cells is mediated through the type I IGF
receptor and involves activation of the Ras/Raf/MAPkinase pathway.
The overall importance of the type I IGF receptor
in the growth of the gastric cancer cells was tested by
its knockdown in cells cultured in the presence of serum
(Figure 9A). Reduction of type I IGF receptor expression
had a dramatic effect on growth (Figure 9B). The effect
was most rapid and most marked in KRAS-mutant
SNU-1 for which significant growth inhibition occurred
within 24 h; inhibition was maintained for the duration
of the experiment. Growth of BRAF-impaired MKN74,
and KRAS- and PI3KCA-mutant AGS was reduced
significantly two days after transfection and of NUGC3
cells after three days. None of the gastric cancer cells in
which the type I IGF receptor had been knocked down
grew significantly between days 3 and 4.
The importance of the type I IGF receptor was
confirmed by knockdown with another siRNA that
prevents receptor expression (si IGF-IR 3; Figure 8B). In
triple-negative SNU-1 and NUGC3, knockdown of type
I IGF receptor expression with both si IGF-IR 2 and si
IGF-IR 3 reduced significantly cell growth. Proliferation
of cells that overexpress HER2, FGFR2 or c-Met is
expected to be driven through these receptors and to
be less affected by expression of type I IGF receptor.
Knockdown of the type I IGF receptor had no effect on
FGFR2-amplified SNU-16 or MET-amplified SNU5 cell growth (Figure 9D). The absence of a significant
effect on the proliferation of SNU-16, or SNU-5 which
express extremely low amounts of type I IGF receptor,
corroborates the significance of the finding with the triplenegative cells. Orthogonal evidence for the importance of
the type I IGF receptor was sought by pharmacological
inhibition with the specific antibody, figitumumab. There
was a clear concentration-dependent reduction in SNU1 and AGS cell growth after culture in the presence of
figitumumab (Figure 9E).
The contribution of the type I IGF receptor to the
growth of gastric cancer cells isolated from patients
was investigated. The tumor cells were transfected
with scrambled oligonucleotides or type I IGF receptor
si IGF-IR 2 or si IGF-IR 3 and incubated in medium
that contained 20% serum. Growth of the patient cells
was decreased between 30% and 60% after receptor
www.impactjournals.com/oncotarget

knockdown (Figure 9F).
To confirm that the reduction of cell number resulted
from decreased cell proliferation, we analyzed cell cycle
progression three days after transfection when growth
was ceased completely. BrdU incorporation into newly

Figure 8: IGF-1 stimulates gastric cancer cell
proliferation via the type I IGF receptor and Ras/
Raf/MAP-kinase pathway. MKN74 and NUGC3 cells

were plated in 16-mm-diameter wells, incubated in the absence
or presence of 50 ngml-1 IGF-1, lysed and their DNA content
measured A. Asterisks indicate times at which there were
significantly more cells in the presence of IGF-1 than in its
absence (Two-way ANOVA; MKN74, p < 0.0001; NUGC3,
p < 0.0001). NUGC3 cells were transfected with 20, 30 or 40
nM of a scrambled oligonucleotide or siRNA oligonucleotides
against the type I IGF receptor, cultured for three days and type I
IGF receptor and GAPDH expression analysed B. NUGC3 cells
were transfected with either a scrambled oligonucleotide or si
IGF-IR 2 and cultured in the absence or presence of 50 ngml-1
IGF-1 for 9 days, C. NUGC3 cells were incubated with 6 μM
U0126 inhibitor, in the absence or presence of IGF-1 for 9 days
D. Asterisks indicate statistically significant reduction in IGFstimulated proliferation after receptor knockdown (Two-way
ANOVA; p < 0.0001) or after incubation with U0126 (Two-way
ANOVA; p < 0.0001).
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synthesized DNA identifies cells in S-phase. There was
a significant reduction, in the proportion of cells in which
BrdU incorporation was detected after knockdown of
the type I IGF receptor in all four triple-negative gastric

cancer cell lines (Figure 10A). Phosphorylation of histone
H3 on Ser10 occurs during chromosome condensation
[34] and its detection discriminates cells in mitosis.
The proportion of cells undergoing mitosis was reduced

Figure 9: Importance of the type I IGF receptor in the growth of triple-negative gastric cancer cells and patient
samples. SNU-1, MKN74, NUGC3 and AGS cells were transfected with scrambled oligonucleotide (scr.) or si IGF-IR 2 (siR), cultured

in DMEM and 10% FCS, lysed and type I IGF receptor and GAPDH A. or DNA content measured B. Asterisks indicate times at which
there were significantly fewer cells after transfection with si IGF-IR 2 than with scrambled oligonucleotide (Two-way ANOVA; SNU-1,
p < 0.0001; MKN74, p < 0.0001; NUGC3, p < 0.0001; AGS, p < 0.0001). SNU-1 and NUGC3 C., and SNU-5 and SNU-16 cells D. were
transfected with scrambled oligonucleotides, si IGF-IR 2 or si IGF-IR 3 and cultured for 4 days, lysed and their DNA content measured.
Asterisks indicate significant growth inhibition after reduction in receptor expression (One-way ANOVA; p < 0.001). NS indicates values
that are not significantly different. SNU-1 and AGS cells were cultured in the presence of the indicated concentrations of the IGF inhibitory
antibody figitumumab for 4 days. Cells were lysed and their DNA content measured. Asterisks indicate significant growth inhibition in the
presence of figitumumab (One-way ANOVA; p < 0.001). GC1, HC1, NC1 and JW1 cells were transfected with scrambled oligonucleotides,
si IGF-IR 2 or si IGF-IR 3 and cultured for 7 days in DMEM and 20% FCS E. Cells were lysed and their DNA content measured. Asterisks
indicate significant growth inhibition after reduction in receptor expression (One-way ANOVA; HC1, p < 0.001; GC1, p= 0.0322; NC1, p
< 0.0001; JW1, p = 0.0006).
www.impactjournals.com/oncotarget
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significantly in cells transfected with type I IGF receptor
siRNA compared to in cells transfected with scrambled
oligonucleotide (Figure 10B).
These data indicate that gastric cancer cell growth
is responsive to IGF-1 and that the type I IGF receptor
is critical for progression through the cell cycle. The

question of how removal of the receptor could be so
effective in KRAS-activated SNU-1 remained and
we investigated the effect of receptor knockdown on
activation of the Ras/Raf/MAP-kinase pathway (Figure
10C). Phosphorylation of ERK1 and ERK2 was reduced
within 24 h after receptor knockdown in RAS-activated

Figure 10: Abrogation of the type I IGF receptor prevents progression through the cell cycle and inhibits Ras/Raf/
MAP-kinase pathway activity. SNU-1, MKN74, NUGC3 and AGS cells were transfected, plated onto coverslips and cultured in

serum-containing medium for three days. Cells were assayed for BrdU incorportation A. or histone H3 phosphorylation B. SNU-1, were
processed in suspension. Representative photomicrographs and the proportion of cells in the S-phase or the mitotic-phase of the cell cycle
are shown; asterisks indicate that the proportion of cells in either phase of the cell cycle is significantly lower after transfection with si IGFIR 2 than with the scrambled oligonucleotide (Unpaired t-test; S-phase: SNU-1, p = 0.0078; MKN74, p = 0.0001; NUGC3, p = 0.0001;
AGS, p = 0.0004 and mitotic-phase; SNU-1, p = 0.0009; MKN74, p = 0.0046; NUGC3, p = 0.0023; AGS, p = 0.017). SNU-1, MKN74 and
NUGC3 cells were transfected with scrambled oligonucleotide (scr.) or si IGF-IR (siR), cultured in serum-containing medium, lysed and
type I IGF receptor, phosphorylated ERK1 and ERK2, total ERK1 and ERK2 and GAPDH were measured (C).
www.impactjournals.com/oncotarget
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SNU-1 and in BRAF-impaired MKN74 and remained low
up to 144 h after transfection. Phosphorylation of ERK1
and ERK2 was reduced also after transfection of wild-type
NUGC3, albeit less strongly. Subsequent to the reduction
in type I IGF receptor expression and ERK1 and ERK2
phosphorylation, reduction in total ERK1 and ERK2 was
detected after 48 h and was maintained until day six.

ineligible for HER2-, FGFR- or MET-targeted therapies.
We demonstrated a cell survival effect of IGF-1 against
caspase-dependent apoptosis induced by anchorage
deprivation or by protein kinase inhibition. The protective
effect of IGF-1 was associated with activation of the PI3kinase/Akt pathway but not the Ras/Raf/MAP-kinase
pathway, and was prevented by inhibitors of the former
but not the latter pathway. That IGF-1 protects against
apoptosis induced by the kinase inhibitor staurosporine
emphasizes the potency of IGF-1 as a pro-survival factor
and suggests that it may protect gastric cancer cells from
therapeutic kinase inhibitors. The resistance to cell death
induction of MKN74 contrasts with a previous report that
cell death was induced by 5% ethanol [16].
The prosurvival effect of IGF-1 was more
pronounced for gastric cancer cells isolated directly
from patients than for cell lines which shows that IGFdependence is an inherent characteristic of gastric cancer
cells and is not acquired during culture. The concomitant
activation of the PI3-kinase/Akt but not the Ras/Raf/MAPkinase pathway indicates that the cell survival signal is
transmitted via the former pathway. The role of IGF-1 in
protection against anoikis is of particular interest because
circulating IGFs could promote survival of detached
gastric cancer cells present in serum or ascitic fluid and
hence increase their metastatic potential.
Proliferation of gastric cancer cells was stimulated
by IGF-1 and the stimulation was decreased by inhibition
of the Ras/Raf/MAP-kinase pathway. Consistent with
the abrogation of IGF-stimulated growth by MEK1 and
MEK2 inhibition, ERK1 and ERK2 phosphorylation
was reduced concomitantly with the decreased cell
growth observed after reduction in type I IGF receptor
expression. The inhibition of proliferation and ERK1
and ERK2 phosphorylation were more pronounced in
the KRAS-mutant SNU-1 and BRAF-impaired MKN-74
than in wild-type NIGC3. Subsequent to the reduction
in type I IGF receptor expression and ERK1 and ERK2
phosphorylation, less ERK1 and ERK2 were detected.
ERK1 and ERK2 are targeted for proteasomal degradation
following ubiqutination by the E3 ubiquitin ligase
activity of the PHD domain of MEKK1 [38]. Removal
of IGF signal transduction may potentiate this effect.
Alternatively, IGF inhibition may exacerbate the caspase
cleavage and inactivation of ERK2 which reduces the
half-life of ERK2 and is associated with p53-mediated
growth arrest in RAS-mutant cells [39]. That MAP-kinase
activation is important for IGF-1 stimulated proliferation
indicates distinct roles for Akt and MAP-kinase activation
in response to IGF-1. Activation of the PI3-kinase/Akt,
but not the Ras/Raf/MAP-kinase pathway, is required
for the survival effect of IGF-1 whereas MAP-kinase
phosphorylation is required for its effect on proliferation.
Our results indicate that the type I IGF receptor
mediates the IGF-1 proliferative effect. The importance of
the type I IGF receptor in gastric cancer cell proliferation

DISCUSSION
Amongst the gastric cancer cell lines analyzed,
NCI-N87 expressed high levels of HER2, KATO III
and SNU-16 expressed high levels of FGFR2 and
SNU-5 overexpressed c-Met consistent with reported
amplification of the genes that encode these tyrosine
kinase receptors [35]. Kato III and SNU-16 have lowlevel copy number increase in MET due, in Kato III, to
aneuploidy of chromosome 7 [36]. SNU-1, MKN-74,
NUGC3 and AGS represent the majority of gastric cancers
that do not overexpress the three receptors against which
drugs are licensed or in clinical trial. Importantly, we show
that they express the type I IGF receptor. The type I IGF
receptor was expressed also in gastric cancer cells isolated
directly from patients that do not express HER2, FGFR2
or c-Met.
IGF-1 stimulated phosphorylation of the type I IGF
receptor and Akt in all the gastric cancer cell lines analyzed
which demonstrates that the IGF signal transduction
pathway is active in cells that overexpress HER2, FGFR2
or MET. A recent study of NCI-N87 suggested that
activity of the IGF signal transduction pathway confers
lapatinib resistance [18]. Interestingly, IGF-1 stimulated
Akt phosphorylation in FGFR2-amplified Kato III and
SNU-16 and MAPK phosphorylation in SNU-16. This is
the first demonstration that the IGF signal transduction
pathway is active in FGFR2-amplified gastric cancer cells.
Loss of IGF1R expression did not inhibit the growth in full
medium of FGFR2-amplified SNU-16 but it is possible
that the active IGF pathway might acquire ascendancy
after abrogation of FGFR pathway activity. Our findings
that IGF-1 stimulates phosphorylation of the type I IGF
receptor and Akt in MET-amplified SNU-5 are consistent
with reports that IGF-1 increases trypan blue uptake and
protects against cell death induced with 5% ethanol [16] in
MET-amplified MKN45 [36], and that an shRNA against
the type I IGF receptor increased MKN45 cell death and
decreased colony formation in soft agar [17]. The IGF
signal transduction pathway may be more important than
appreciated in cells with amplified HER2, FGFR2 or MET
and consideration should be given to dual targeting with
an IGF inhibitor to limit onset of resistance.
The main aim of our study was to test the hypothesis
that IGF1R, and the downstream IGF signal transduction
pathway and phenotypic response [37], is important and
hence a viable therapeutic target in gastric cancer cells
that are not addicted to HER2, FGFR2 or MET and are
www.impactjournals.com/oncotarget
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was shown by the significant reductions in cell growth in
serum-containing medium and in the proportion of cells
in S- and mitotic-phases of the cell cycle after knockdown
of receptor expression. Demonstration that figitumumab
reduced cell proliferation provides corroboration with
an orthogonal approach of the importance of the type I
IGF receptor in triple-negative gastric cancer cell growth.
Growth inhibition was observed also after knockdown
of the type I IGF receptor in gastric cancer cells isolated
from patients. Previously, reduced colony formation has
been shown after inhibition of the type I IGF receptor with
shRNA and the αIR3 antibody in MET-amplified MKN45
and in tumour explants, respectively [17, 40]. Our data
provide the first demonstration of the importance of the
type I IGF receptor in the proliferation of triple-negative
gastric cancer cells. The reduction in growth after type I
IGF receptor knockdown and pharmacological inhibition
indicates that loss of activity of this receptor cannot be
compensated via activation of other receptors by growth
factors present in the serum.
Proliferation of KRAS-G12D-mutant SNU-1
gastric cancer cells [41, 42] was abrogated by
knockdown of the type I IGF receptor and reduced by its
pharmacological inhibition. These observations concur
with the demonstration that IGF receptor inhibitors have
selectivity for KRAS-mutant lung cancer cells [43]. The
authors showed that KRAS-mutant NSCLC cells depend
upon the IGF signal transduction pathway to provide an
initial stimulus to the Ras/Raf/MAP-kinase pathway and
concluded that therapeutic inhibition of the IGF signal
transduction pathway could be particularly effective in
KRAS-mutant lung cancer. A similar requirement for
activation of the IGF pathway has been demonstrated
for KRAS-mutant colorectal cancer cells [44]. There
seems to be a delicate balance in established cancers with
oncogenic RAS mutations between adequate primary
activation of the Ras/Raf/MAP-kinase pathway and
evasion of cell senescence consequent to strong negative
feedback through mTORC1 and S6K [45, 46]. The
balance is achieved best if the primary stimulus is through
a receptor such as the type I IGF receptor that activates
preferentially the PI3-kinase/Akt pathway [43, 44]. The
pronounced reduction in phosphorylation of ERK1 and
ERK2 after knockdown of the type I IGF receptor in
KRAS-mutant SNU-1 gastric cancer cells is consistent
with primary activation of their Ras/Raf/MAP-kinase
pathway being dependent upon stimulus through the IGF
signal transduction system. Patients with KRAS-mutant
colorectal cancer do not benefit from EGFR-targeted
therapy [47] and outgrowth of KRAS-mutant cells
accompanies onset of resistance [48]. Similarly, KRAS
and HRAS mutations confer resistance to MET-targeted
agents [49]. These findings imply that, unlike the effective
co-existence of KRAS-mutations and signal transduction
through the type I IGF receptor, signal transduction via
EGFR or c-Met cannot complement KRAS-mutations in
www.impactjournals.com/oncotarget

established malignant cells.
MKN74 have a BRAF-impaired mutation which
substitutes Gly466 with a valine residue and are
insensitive to vemurafenib [30]. Gly466 lies within
the glycine-rich P-loop of B-Raf and is involved in
stabilization of the inactive conformation of the kinase
domain via hydrophobic interactions with Leu597 and
Val600 [50]. B-Raf G466V lacks auto-inhibition but is
recruited to the plasma membrane to interact with Ras,
form heterodimers with c-Raf and, although its kinase
domain is inactive, act as a scaffold protein to enhance
c-Raf activity and hence hyper-activation of the Ras/Raf/
MAP-kinase pathway [51, 52]. Our demonstration that
type I IGF receptor knockdown prevents proliferation of
BRAF-impaired MKN74 gastric cancer cells suggests that
BRAF-impaired cells may have a similar dependency upon
activation of IGF signal transduction to that reported for
RAS-mutant cells [43, 44]. To our knowledge, this is the
first report that Raf-impaired cancer cells may have such
reliance upon IGF signal transduction. Our findings concur
with the demonstration that in oncogenic RAS-mutant and
kinase-dead BRAF-mutant cells, tumor progression is
driven through a similar mechanism of c-Raf recruitment
and hyper-activation [53] and suggest that BRAF-impaired
cancer cells may be as susceptible to therapeutic inhibition
of IGF signal transduction as has been proposed for RASmutant cells [43, 44].
In conclusion, IGF1R expression and the IGF
signal transduction pathway are important in the survival
and proliferation of triple-negative gastric cancer cells.
Reduction in IGF signal transduction may be required for
targeted therapeutic strategies to be effective in patients
with triple-negative gastric cancers including those with
Ras-addicted or Raf-impaired cancers.

MATERIALS AND METHODS
Cell culture
Gastric cancer cell lines, NCI-N87, KATO III,
SNU-16, SNU-5, SNU-1, MKN74, NUGC3 and AGS
were purchased from American Type Culture Collection
(Manassas, VA) or DMCSZ and cultured in Dulbecco’s
modified Eagle’s medium and 10% fetal calf serum (FCS).
NCI-N87, MKN74, NUGC3 and AGS are adherent and
SNU-1, SNU-5 and SNU-16 grow in suspension. KATO
III grow as a mix of attached and non-attached cells.
Cells were maintained in exponential growth at 37°C in a
humidified atmosphere, with 5% CO2.
Ethical permission was obtained from the Joint
Newcastle Health Hospitals and University of Newcastle
upon Tyne Ethical Committee. All patients gave informed
consent. Ascites was collected from metastatic gastric
cancer patients who were symptomatic for ascitic fluid
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accumulation and were having their ascitic fluid drained
to alleviate their symptoms. A sample of the ascitic fluid
was analyzed, and examined by a consultant cytologist to
confirm presence of malignant cells. The ascitic fluid was
diluted 1:2 in DMEM with 20% FCS and cultured at 37°C
in a humidified atmosphere, with 5% CO2. Subsequently,
cells were cultured in DMEM and 20% FCS as above and
assessed for expression of epithelial growth factor receptor
and epithelial cytokeratins by western transfer analysis
and immunofluorescence, respectively.

United Kingdom). Cells were incubated with 0.03 mgml-1
BrdU for 2 h prior to incubation with BrdU antibody.
Cells were washed, mounted in Vectashield Mounting
Medium with DAPI (Vector laboratories) and visualized
with a fluorescent microscope. Five fields of view were
quantified for each value.

siRNA knockdown
Synthetic double-stranded short interfering RNA
(siRNA) sequences that target the type 1 IGF receptor
or scrambled sequences (Sigma-Aldrich) were mixed
with lipofectamine (Invitrogen) in DMEM and incubated
for 30 min at room temperature. Cells were trypsinized,
centrifuged and resuspended in DMEM with 10%
FCS and added to the siRNA transfection mixture.
Oligonucleotide final concentrations were between 20
and 50 nM. After incubation, cells were lysed for western
transfer analysis, processed for immunofluorescence, or
their cell proliferation or survival analyzed

Western transfer analysis
Cells were lysed in radioimmunoprecipitate (RIPA)
buffer, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM
EDTA, 1% NP-40 (v/v), 0.25% sodium deoxycholate
(w/v), 1 µgml-1 pepstatin, 1 µgml-1 aprotinin, 1 µgml-1
leupeptin, 2 mM sodium orthovanadate, 2 mM sodium
fluoride and 2 mM phenyl methyl sulphonyl fluoride [27].
Protein concentrations were measured by bicinchonic
acid assay (Thermo Scientific, Loughborough, UK)
[54]. Proteins were separated by polyacrylamide gel
electrophoresis, transferred to 0.45-μm nitrocellulose
and incubated with antibodies against type I IGF receptor
(#3027), phosphorylated IGF receptors (#3024), HER2
(#2165), c-Met (#4560), Akt (#9272), phosphorylated
Akt (#4060), ERK1 and ERK2 (#9102), phosphorylated
ERK1 and ERK2 (#4370), cleaved PARP (#9541) (Cell
Signaling Technologies, Hitchin, United Kingdom),
FGFR2 (PA5-29246) (Thermo Fisher Scientific)
and GAPDH (sc-25778) (Santa Cruz biotechnology,
Heidelberg, Germany). Antibodies that detect type I IGF
receptor auto-phosphorylated on tyrosines 1135 and 1136
detect insulin receptor auto-phosphorylated on tyrosines
1150 and 1151. The activated ERK-specific antibody
detects ERK1 phosphorylated on Thr 202 or Tyr 204
and ERK2 phosphorylated on Thr 185 or Tyr 187. The
activated Akt-specific antibody detects Akt1, Akt2 and
Akt3 phosphorylated on Ser 473, Ser 474 and Ser 472,
respectively. Membranes were incubated with horseradish
peroxidase-conjugated secondary antibody, SuperSignal
West Dura Substrate (Thermo Scientific) and exposed to
X-ray film.

IGF-I-stimulated protein phosphorylation
Cells were added to 35-mm-diameter wells,
allowed to attach for 24 hours and withdrawn from the
stimulating effects of growth factors in serum by culture
for two days or one day (SNU-1) in phenol red-free
DMEM supplemented with 10% calf serum that had been
incubated with dextran-coated charcoal-treated (DCCS) at
55oC [25, 28]. Cells were washed twice with phosphate
buffered serum (PBS), and cultured in the withdrawal
medium for 24 h after which the cells were rewashed
twice in PBS and cultured in withdrawal medium for a
further 24 h. Cells were washed twice in PBS, incubated
in serum-free medium for 2 h, and then in the absence or
presence of 50 ngml-1 IGF-1 in serum free-medium for 15
min. Cells were lysed in RIPA buffer and phosphorylated
or total individual proteins were detected by western
transfer.

Cell survival
For the anoikis assay, cells were washed with
PBS and cultured for two days in withdrawal medium
as described above, trypsinized and 200,000 cells were
added to 35-mm-diameter wells, pre-coated with non-ionic
acid poly(2-hydroxyethyl methacrylate) (poly-HEMA;
SIGMA) which inhibits matrix deposition and prevents
cell attachment [32]. Cells were incubated for 0 to 24 h in
the poly-HEMA-coated wells in the absence or presence
of 50 ngml-1 IGF-1 and lysed in RIPA buffer.
For apoptosis, 150,000 cells were added to 35-mmdiameter wells or 22-mm-diameter coverslips, allowed
to attach for 24 h and withdrawn from growth factors by

Immunofluorescence
Cells were fixed in methanol, 70% ethanol or 4%
paraformaldehyde and incubated with Alexa Fluorconjugated antibodies against cleaved caspase 3 (#9603)
cleaved PARP (#6894), pan cytokeratins (#3478) or
unconjugated-antibodies against phosphorylated Akt
(#4060), BrdU (#5292), Ser10-phosphorylated histone
H3 (#9701) (Cell Signaling Technologies), followed
by incubation with Alexa fluorochrome-conjugated
antibodies (#A-11034, #A-11001) (Invitrogen, Paisley,
www.impactjournals.com/oncotarget
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culture in withdrawal medium for 2 days, as described
above. Cells in suspension were grown until ~70%
confluence and centrifuged at 300 x g for 3 minutes and
resuspended in PBS. Cells were centrifuged again at 300
x g for 3 minutes and resuspended in withdrawal medium.
After two days withdrawal, cells were incubated in
withdrawal medium and 0.5-1 μM staurosporine (SigmaAldrich, Dorset, United Kingdom) for various times, lysed
in RIPA buffer or fixed in methanol or paraformaldehyde.
The protective effects of growth factors were tested by
preincubation for 15 minutes in 50 ngml-1 IGF-1, EGF or
HRG1-β1. Cells were incubated without and with 20 µM
PI3-kinase inhibitor, LY294002, (Cell Signaling) or 6 µM
MEK1 and MEK2 inhibitor, U0126, (Calbiochem) for 30
min prior to addition of IGF-1. Cell death was assessed
by the extent of PARP or caspase 3 cleavage analyzed by
western transfer or immunofluorescence.

way analysis of variance, or unpaired t-test. P values <
0.05 were considered statistically significant.
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Cell proliferation

Editorial note

Aliquots of 5,000 cells were added to 16-mmdiameter wells and allowed to attach for 24 hours. MKN74
cells were cultured with 2% DCCS and NUGC3 cells
in serum-free medium in the absence or presence of 50
ngml-1 IGF-1. Cells were incubated without and with 6 µM
U0126, for 30 min prior to addition of IGF-1.
SNU-1, MKN74, NUGC3, AGS, SNU-16 and SNU5 that had been transfected with siRNA oligonucleotides
were cultured in DMEM and 10% FCS. GC1, HC1,
NC1 and JW1 cells were cultured in DMEM and 20%
FCS. SNU-1 and AGS cells were incubated without and
with different concentrations of the type I IGF receptor
antibody figitumumab. Cells were lysed and DNA content
measured with Pico-Green dsDNA Quantitation Reagent
(Invitrogen) [27].

This paper has been accepted based in part on peerreview conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

REFERENCES

Statistics
For
the
western
transfer
images
or
immunofluorescence experiments, a representative
example is shown. The optical density of protein bands
was quantified by densitometric analysis with LabWorks
4.0 software, adjusted for the optical density of the X-ray
film and corrected for GAPDH or total individual protein
expression (UVP, Inc, Cambridge, United Kingdom). Data
were normalized and expressed as a percentage of the
maximum cleaved PARP or activated signal transduction
protein detected. For each immunofluorescence replicate,
the number of cells in which the molecule under analysis
was detected was counted in five individual fields. Data
were normalized for the maximum amount of the molecule
detected in each experiment. Experiments were replicated
at least thrice. Results are expressed as means ± S.E.M.
Differences between groups were tested by one or two
www.impactjournals.com/oncotarget

54459

1.

Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers
C, Rebelo M, Parkin DM, Forman D and Bray F. Cancer
incidence and mortality worldwide: Sources, methods and
major patterns in GLOBOCAN 2012. Int J Cancer. 2015;
136:E359-E386.

2.

Mongan AM, Kalachand R, King S, O’Farrell NJ,
Power D, Ravi N, Muldoon C, O’Byrne K and Reynolds
JV. Outcomes in gastric and junctional cancer using
neoadjuvant and adjuvant chemotherapy (epirubicin,
oxaliplatin, and capecitabine) and radical surgery. Irish J
Med Sci. 2015; 184:417-423.

3.

Allum WH, Blazeby JM, Griffin SM, Cunningham D,
Jankowski JA, and Wong R. Guidelines for the management
of oesophageal and gastric cancer. Gut. 2011; 60:14491472.

4.

Cunningham D, Starling N, Rao S, Iveson T, Nicolson M,
Coxon F, Middleton G, Daniel F, Oates J. Capecitabine and
oxaliplatin for advanced esophagogastric cancer. New Engl
J Med. 2008; 358:36-46.

5.

Gravalos C and Jimeno A. HER2 in gastric cancer: a new
prognostic factor and a novel therapeutic target. Ann Oncol.
2008; 19:1523-1529.

6.

Matsumoto K, Arao T, Hamaguchi T, Shimada Y, Kato K,
Oda I, Taniguchi H, Koizumi F, Yanagihara K, Sasaki H,
Oncotarget

Nishio K and Yamada Y. FGFR2 gene amplification and
clinicopathological features in gastric cancer. Brit J Cancer.
2012; 106:727-732.
7.

8.

9.

K. Insulin-like growth factor I receptor blockade enhances
chemotherapy and radiation responses and inhibits tumour
growth in human gastric cancer xenografts. Gut. 2005;
54:591-600.

Su X, Zhan P, Gavine PR, Morgan S, Womack C, Ni X,
Shen D, Bang YJ, Im SA, Kim WH, Jung EJ, Grabsch
HI and Kilgour E. FGFR2 amplification has prognostic
significance in gastric cancer: results from a large
international multicentre study. Brit J Cancer. 2014;
110:967-975.

17. Wang Y, Adachi Y, Imsumran A, Yamamoto H, Piao WH,
Li H, Ii M, Arimura Y, Park MY, Kim D, Lee CT, Carbone
DP, Imai K and Shinomura Y. Targeting for insulin-like
growth factor-I receptor with short hairpin RNA for human
digestive/gastrointestinal cancers. J Gastroenterol. 2010;
45:159-170.

Sotoudeh K, Hashemi F, Madjd Z, Sadeghipour A, Molanaei
S and Kalantary E. The clinicopathologic association of
c-MET overexpression in Iranian gastric carcinomas; an
immunohistochemical study of tissue microarrays. Diagn
Pathol. 2012; 7.

18. Zhang Z, Wang JP, Ji DM, Wang CC, Liu RJ, Wu Z, Liu
L, Zhu D, Chang JJ, Geng RX, Xiong L, Fang QY and Li
J. Functional Genetic Approach Identifies MET, HER3,
IGF1R, INSR Pathways as Determinants of Lapatinib
Unresponsiveness in HER2-Positive Gastric Cancer. Clin
Cancer Res. 2014; 20:4559-4573.

Kawakami H, Okamoto I, Arao T, Okamoto W, Matsumoto
K, Taniguchi H, Kuwata K, Yamaguchi H, Nishio K,
Nakagawa K and Yamada Y. MET amplification as a
potential therapeutic target in gastric cancer. Oncotarget.
2013; 4:9-17. doi: 10.18632/oncotarget.718.

19. Westley RL and May FEB. A Twenty-First Century
Cancer Epidemic Caused by Obesity: The Involvement of
Insulin, Diabetes, and Insulin-Like Growth Factors. Int J
Endocrinol. 2013; 2013:632461-632498.

10. van Grieken NCT, Aoyma T, Chambers PA, Bottomley
D, Ward LC, Inam I, Buffart TE, Das K, Lim T, Pang B,
Zhang SL, Tan IB, Carvalho B, Heideman DAM, Miyagi
Y, Kameda Y, et al. KRAS and BRAF mutations are rare
and related to DNA mismatch repair deficiency in gastric
cancer from the East and the West: Results from a large
international multicentre study. Brit J Cancer. 2013;
108:1495-1501.

20. Gualberto A and Karp DD. Development of the Monoclonal
Antibody Figitumumab, Targeting the Insulin-like Growth
Factor-1 Receptor, for the Treatment of Patients with NonSmall-Cell Lung Cancer. Clin Lung Cancer. 2009; 10:273280.
21. Olmos D, Postel-Vinay S, Molife LR, Okuno SH, Schuetze
SM, Paccagnella ML, Batzel GN, Yin DH, PritchardJones K, Judson I, Worden FP, Gualberto A, Scurr M,
de Bono JS and Haluska P. Safety, pharmacokinetics,
and preliminary activity of the anti-IGF-1R antibody
figitumumab(CP-751,871) in patients with sarcoma and
Ewing’s sarcoma: a phase 1 expansion cohort study. Lancet
Oncol. 2010; 11:129-135.

11. Bang YJ, Van Cutsem E, Feyereislova A, Chung HC,
Shen L, Sawaki A, Lordick F, Ohtsu A, Omuro Y, Satoh
T, Aprile G, Kulikov E, Hill J, Lehle M, Ruschoff J, Kang
YK, et al. Trastuzumab in combination with chemotherapy
versus chemotherapy alone for treatment of HER2-positive
advanced gastric or gastro-oesophageal junction cancer
(ToGA): a phase 3, open-label, randomised controlled trial.
Lancet. 2010; 376:687-697.

22. Langer CJ, Novello S, Park K, Krzakowski M, Karp DD,
Mok T, Benner RJ, Scranton JR, Olszanski AJ and Jassem
J. Randomized, Phase III Trial of First-Line Figitumumab
in Combination With Paclitaxel and Carboplatin Versus
Paclitaxel and Carboplatin Alone in Patients With
Advanced Non-Small-Cell Lung Cancer. J Clin Oncol.
2014; 32:2059-U2109.

12. Janjigian YY. Lapatinib in Gastric Cancer: What Is the
LOGiCal Next Step? J Clin Oncol. 2016; 34:401-403.
13. Qui M-z and Xu R-h. The progress of targeted therapy in
advanced gastric cancer. Biomarker Research. 2013; 1:1-8.
14. Dulak AM, Schumacher SE, van Lieshout J, Imamura Y,
Fox C, Shim B, Ramos AH, Saksena G, Baca SC, Baselga
J, Tabernero J, Barretina J, Enzinger PC, Corso G, Roviello
F, Lin L, et al. Gastrointestinal Adenocarcinomas of the
Esophagus, Stomach, and Colon Exhibit Distinct Patterns
of Genome Instability and Oncogenesis. Cancer Res. 2012;
72:4383-4393.

23. Pollak M. The insulin and insulin-like growth factor
receptor family in neoplasia: an update. Nat Rev Cancer.
2012; 12:159-169.
24. Yee D. Insulin-like growth factor receptor inhibitors: baby
or the bathwater? J Natl Cancer Inst. 2012; 104:975-981.
25. Stewart AJ, Johnson MD, May FEB and Westley BR. Role
of Insulin-Like Growth Factors and the Type I InsulinLike Growth Factor Receptor in the Estrogen-Stimulated
Proliferation of Human Breast Cancer Cells. J Biol Chem.
1990; 265:21172-21178.

15. Bass AJ, Thorsson V, Shmulevich I, Reynolds SM, Miller
M, Bernard B, Hinoue T, Laird PW, Curtis C, Shen H,
Weisenberger DJ, Schultz N, Shen RL, Weinhold N,
Keiser DP, Bowlby R, et al. Comprehensive molecular
characterization of gastric adenocarcinoma. Nature. 2014;
513:202-209.

26. de Blaquiere GE, May FEB and Westley BR. Increased
expression of both insulin receptor substrates 1 and 2
confers increased sensitivity to IGF-1 stimulated cell
migration. Endocr-Relat Cancer. 2009; 16:635-647.

16. Min Y, Adachi Y, Yamamoto H, Imsumran A, Arimura Y,
Endo T, Hinoda Y, Lee CT, Nadaf S, Carbone DP and Imai

www.impactjournals.com/oncotarget

54460

Oncotarget

27. Davison Z, de Blacquiere GE, Westley BR and May
FEB. Insulin-like Growth Factor-Dependent Proliferation
and Survival of Triple-Negative Breast Cancer Cells:
Implications for Therapy. Neoplasia. 2011; 13:504-515.

mediates ubiquitination and degradation of ERK1/2. Mol
Cell. 2002; 9:945-956.
39. Marchetti A, Cecchinelli B, D’Angelo M, D’Orazi G,
Crescenzi M, Sacchi A and Soddu S. p53 can inhibit cell
proliferation through caspase-mediated cleavage of ERK2/
MAPK. Cell Death Differ. 2004; 11:596-607.

28. May FEB and Westley BR. Effects of Tamoxifen and
4-Hydroxytamoxifen on the pNR-1 and pNR-2 EstrogenRegulated RNAs in Human Breast Cancer-Cells. J Biol
Chem. 1987; 262:15894-15899.

40. Pavelic K, Kolak T, Kapitanovic S, Radosevic S, Spaventi
S, Kruslin B and Pavelic J. Gastric cancer: the role of
insulin-like growth factor 2 (IGF 2) and its receptors (IGF I
R and M6-P/IGF 2R). J Pathol. 2003; 201:430-438.

29. Yoon YK, Kim HP, Han SW, Hur HS, Oh DY, Im SA,
Bang YJ and Kim TY. Combination of EGFR and MEK1/2
inhibitor shows synergistic effects by suppressing EGFR/
HER3-dependent AKT activation in human gastric cancer
cells. Molecular Cancer Therapeutics. 2009; 8:2526-2536.

41. Kim TY, Bang YJ, Kim WS, Kang SH, Lee KU, Choe
KJ and Kim NK. Mutation of ras oncogene in gastric
adenocarcinoma: association with histological phenotype.
Anticancer research. 1997; 17:1335-1339.

30. Yang H, Higgins B, Kolinsky K, Packman K, Go Z,
Iyer R, Kolis S, Zhao S, Lee R, Grippo JF, Schostack K,
Simcox ME, Heimbrook D, Bollag G and Su F. RG7204
(PLX4032), a Selective BRAF(V600E) Inhibitor, Displays
Potent Antitumor Activity in Preclinical Melanoma Models.
Cancer Res. 2010; 70:5518-5527.

42. Tuveson DA, Shaw AT, Willis NA, Silver DP, Jackson EL,
Chang S, Mercer KL, Grochow R, Hock H, Crowley D,
Hingorani SR, Zaks T, King C, Jacobetz MA, Wang LF,
Bronson RT, et al. Endogenous oncogenic K-ras(G12D)
stimulates proliferation and widespread neoplastic and
developmental defects. Cancer Cell. 2004; 5:375-387.

31. Frisch SM and Francis H. Disruption of Epithelial CellMatrix Interactions Induces Apoptosis. J Cell Biol. 1994;
124:619-626.

43. Molina-Arcas M, Hancock DC, Sheridan C, Kumar MS
and Downward J. Coordinate Direct Input of Both KRAS
and IGF1 Receptor to Activation of PI3 Kinase in KRASMutant Lung Cancer. Cancer Discov. 2013; 3:548-563.

32. Luey BC and May FEB. Insulin-like growth factors are
essential to prevent anoikis in oestrogen-responsive breast
cancer cells: importance of the type I IGF receptor and PI3kinase/Akt pathway. Molecular Cancer. 2016; 15,8:1-15..

44. Ebi H, Corcoran RB, Singh A, Chen Z, Song Y, Lifshits E,
Ryan DP, Meyerhardt JA, Benes C, Settleman J, Wong KK,
Cantley LC and Engelman JA. Receptor tyrosine kinases
exert dominant control over PI3K signaling in human
KRAS mutant colorectal cancers. J Clin Invest. 2011;
121:4311-4321.

33. Nicholson DW, Ali A, Thornberry NA, Vaillancourt JP,
Ding CK, Gallant M, Gareau Y, Griffin PR, Labelle M,
Lazebnik YA, Munday NA, Raju SM, Smulson ME, et al.
Identification and inhibition of the ICE/CED-3 protease
necessary for mammalian apoptosis. Nature. 1995; 376:3743.

45. Serrano M, Lin AW, McCurrach ME, Beach D and Lowe
SW. Oncogenic ras provokes premature cell senescence
associated with accumulation of p53 and p16(INK4a). Cell.
1997; 88:593-602.

34. Goto H, Tomono Y, Ajiro K, Kosako H, Fujita M, Sakurai
M, Okawa K, Iwamatsu A, Okigaki T, Takahashi T and
Inagaki M. Identification of a novel phosphorylation site on
histone H3 coupled with mitotic chromosome condensation.
J Biol Chem. 1999; 274:25543-25549.

46. Chandarlapaty S. Negative Feedback and Adaptive
Resistance to the Targeted Therapy of Cancer. Cancer
Discov. 2012; 2:311-319.

35. Liu YJ, Shen D, Yin X, Gavine P, Zhang T, Su X, Zhan
P, Xu Y, Lv J, Qian J, Liu C, Sun Y, Qian Z, Zhang J,
Gu Y and Ni X. HER2, MET and FGFR2 oncogenic
driver alterations define distinct molecular segments for
targeted therapies in gastric carcinoma. Brit J Cancer. 2014;
110:1169-1178.

47. Van Cutsem E, Kohne CH, Hitre E, Zaluski J, Chien CRC,
Makhson A, D’Haens G, Pinter T, Lim R, Bodoky G, Roh
JK, Folprecht G, Ruff P, Stroh C, Tejpar S, Schlichting M,
et al. Cetuximab and Chemotherapy as Initial Treatment
for Metastatic Colorectal Cancer. New Engl J Med. 2009;
360:1408-1417.

36. Smolen GA, Sordella R, Muir B, Mohapatra G, Barmettler
A, Archibald H, Kim WJ, Okimoto RA, Bell DW,
Sgroi DC, Christensen JG, Settleman J and Haber DA.
Amplification of MET may identify a subset of cancers with
extreme sensitivity to the selective tyrosine kinase inhibitor
PHA-665752. P Natl Acad Sci USA. 2006; 103:2316-2321.

48. Misale S, Yaeger R, Hobor S, Scala E, Janakiraman M,
Liska D, Valtorta E, Schiavo R, Buscarino M, Siravegna
G, Bencardino K, Cercek A, Chen CT, Veronese S, Zanon
C, Sartore-Bianchi A, et al. Emergence of KRAS mutations
and acquired resistance to anti-EGFR therapy in colorectal
cancer. Nature. 2012; 486:532-U131.

37. Westley BR and May FEB. Insulin-Like Growth Factors:
the Unrecognized Oncogenes. Brit J Cancer. 1995; 72:10651066.

49. Leiser D, Medova M, Mikami K, Nisa L, Stroka D,
Blaukat A, Bladt F, Aebersold DM and Zimmer Y.
KRAS and HRAS mutations confer resistance to MET
targeting in preclinical models of MET-expressing
tumor cells. Mol Oncol. 2015; 9:1434-46. doi: 10.1016/j.

38. Lu ZM, Xu SC, Joazeiro C, Cobb MH and Hunter T. The
PHD domain of MEKK1 acts as an E3 ubiquitin ligase and
www.impactjournals.com/oncotarget

54461

Oncotarget

molonc.2015.04.001.

16:281-298.

50. Wan PTC, Garnett MJ, Roe SM, Lee S, Niculescu-Duvaz
D, Good VM, Jones CM, Marshall CJ, Springer CJ, Barford
D, Marais R and Project CG. Mechanism of activation of
the RAF-ERK signaling pathway by oncogenic mutations
of B-RAF. Cell. 2004; 116:855-867.

53. Heidorn SJ, Milagre C, Whittaker S, Nourry A, NiculescuDuvas I, Dhomen N, Hussain J, Reis-Filho JS, Springer
CJ, Pritchard C and Marais R. Kinase-Dead BRAF and
Oncogenic RAS Cooperate to Drive Tumor Progression
through CRAF. Cell. 2010; 140:209-221.

51. Garnett MJ, Rana S, Paterson H, Barford D and Marais
R. Wild-type and mutant B-RAF activate C-RAF through
distinct mechanisms involving heterodimerization. Mol
Cell. 2005; 20:963-969.

54. Molloy CA, May FEB and Westley BR. Insulin receptor
substrate-1 expression is regulated by estrogen in the
MCF-7 human breast cancer cell line. J Biol Chem. 2000;
275:12565-12571.

52. Lavoie H and Therrien M. Regulation of RAF protein
kinases in ERK signalling. Nat Rev Mol Cell Bio. 2015;

www.impactjournals.com/oncotarget

54462

Oncotarget

