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Drug resistance often critically limits the efficacy of molecular targeted drugs.

Although pharmacological inhibition of phosphatidylinositol 3-kinase (PI3K) is

an attractive therapeutic strategy for cancer therapy, molecular determinants

for efficacy of PI3K inhibitors (PI3Kis) remain unclear. We previously identified

that overexpression of insulin-like growth factor 1 receptor (IGF1R) contributed

to the development of drug resistance after long-term exposure to PI3Kis. In

this study, we examined the involvement of basal IGF1R expression in intrinsic

resistance of drug-na€ıve cancer cells to PI3Kis and whether inhibition of IGF1R

overcomes the resistance. We found that cancer cells highly expressing IGF1R

showed resistance to dephosphorylation of Akt and subsequent antitumor

effect by ZSTK474 treatment. Knockdown of IGF1R by siRNAs facilitated the

dephosphorylation and enhanced the drug efficacy. These cells expressed tyro-

sine-phosphorylated insulin receptor substrate 1 at high levels, which was

dependent on basal IGF1R expression. In these cells, the efficacy of ZSTK474 in

vitro and in vivo was improved by its combination with the IGF1R inhibitor

OSI-906. Finally, we found a significant correlation between the basal expres-

sion level of IGF1R and the inefficacy of ZSTK474 in an in vivo human cancer

panel, as well as in vitro. These results suggest that basal IGF1R expression

affects intrinsic resistance of cancer cells to ZSTK474, and IGF1R is a promising

target to improve the therapeutic efficacy. The current results provide evidence

of combination therapy of PI3Kis with IGF1R inhibitors for treating IGF1R-posi-

tive human cancers.

A dvances in our understanding of cancer biology have
enabled us to develop molecular targeted drugs for can-

cer therapy. One possible target for molecular targeted therapy
is phosphatidylinositol 3-kinase (PI3K), which represents a
family of lipid kinases that phosphorylate phosphatidylinosi-
tol.(1,2) Among the PI3Ks, class 1A PI3K transduces signals
received from activated tyrosine kinase receptors (RTKs) such
as epidermal growth factor receptor and insulin-like growth
factor 1 receptor (IGF1R) to its downstream effectors includ-
ing Akt and mammalian target of rapamycin (mTOR), which
play fundamental roles in tumor proliferation.(3–6) We previ-
ously reported ZSTK474 as the first PI3K inhibitor (PI3Ki)
showing a potent in vivo antitumor effect.(7) Subsequently, sev-
eral PI3Kis have been reported and some, including ours, are
currently in clinical evaluation.(8)

Drug resistance often critically limits the efficacy and out-
come of cancer chemotherapy; this would seem to be true for
molecular targeted drugs found to date.(9) Drug resistance can
generally be categorized as either intrinsic or acquired. For

example, cancer cells harboring a gain of function mutation
of the KRAS gene show intrinsic resistance to cetuximab.(10)

In contrast, the acquired resistance to tyrosine kinase inhibi-
tors (TKIs) has been shown to be mediated by several differ-
ent mechanisms, including the acquisition of a “gatekeeper”
mutation in the targeted kinase and the activation of parallel
or downstream signaling pathways to circumvent the activity
of the drugs.(9,11,12) We and others have shown that cancer
cells harboring a KRAS mutation showed intrinsic resistance
to PI3Kis.(13,14) However, cancer cells that acquired the gate-
keeper mutation have not yet been found. We previously
reported that long-term exposure of cancer cells to ZSTK474
in vitro led to the acquisition of drug resistance to PI3Kis. In
that study, we did not detect a gatekeeper mutation in
PIK3CA; instead, we found that these cells constitutively
expressed IGF1R in high levels and its expression was indis-
pensable for the acquired resistance phenotype.(15) IGF1R is
one of the RTKs that has been implicated in several types of
cancer, including breast, prostate, and lung cancer, and is
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known to be one of the predominant receptors in mitogenesis,
transformation, and protection from apoptosis.(16–20) However,
it is still unclear whether basal expression of IGF1R in
PI3Ki-na€ıve cells affects their susceptibility to the PI3Ki.
In the present study, we examined the functional involve-

ment of basal IGF1R expression in the intrinsic resistance
using cancer cells highly expressing IGF1R. We also examined
whether the combination with IGF1R-TKIs improves the effi-
cacy of ZSTK474 on IGF1R-expressing cancer cells in vitro
and in vivo. Finally, the relationship of IGF1R expression to
the intrinsic resistance was examined using in vitro and in vivo
human cancer panels.

Materials and Methods

Cell lines and cell culture. The following cell lines from the
JFCR39 cell line set were used in this study: lung cancer,
A549; colon cancer, KM12; gastric cancer, MKN28 and St-4;
glioblastoma, SNB75; and prostate cancer, PC3.(21) Cells were
grown in RPMI-1640 (Wako Pure Chemical, Osaka, Japan)
supplemented with 1 lg ⁄mL kanamycin and 5% (v ⁄ v) FBS
(Nichirei Biosciences, Tokyo, Japan) as described previ-
ously.(13,21) Authentication of cell lines was done by short tan-
dem repeat analysis using PowerPlex16 Systems (Promega,
Madison, WI, USA; data not shown).

Drugs. ZSTK474 was synthesized by the Research Labora-
tory of Zenyaku Kogyo Co., Ltd. (Tokyo, Japan). NVP-
BEZ235, OSI-906, and NVP-AEW541 were obtained from
Selleck Chemicals (Houston, TX, USA), ChemieTek (India-
nopolis, IN, USA) and Cayman Chemical Co. (Ann Arbor, MI,
USA), respectively. These compounds were dissolved in
DMSO for in vitro experiments.

Immunoblot analysis. Immunoblot assays were carried out on
cell extracts as described previously(13) using a primary anti-
body for IGF1R-b (#3018), phosphorylated IGF1R at Tyr1135
(#3918), phosphorylated Akt at Thr308 (#4056) or Ser473
(#4058), phosphorylated ribosomal S6 protein at Ser235 ⁄ 236
(#4858), insulin receptor substrate 1 (IRS1; #2382), phosphory-
lated IRS1 at Ser636 ⁄639 (#2388) (Cell Signaling Technology,
Danvers, MA, USA), and phosphorylated IRS1 at Tyr612
(44816G) (Invitrogen, Carlsbad, CA, USA) as the probe. Visu-
alization and quantification of the bound antibody was carried
out using an anti-rabbit immunoglobulin secondary antibody
labeled with Alexa Fluor 680 (Invitrogen) and the Odyssey
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE,
USA).

Determination of drug efficacy in vitro. Drug efficacy was
assessed as changes in total cellular protein after 48 h of drug
treatment using a sulforhodamine B assay. The drug concentra-
tion required for a 50% reduction in the net protein increase
(GI50) was calculated as described previously.(22,23)

Assay for RNA interference. The siRNAs against IGF1R
(siIGF1R-1 and siIGF1R-2) were purchased from Invitrogen as
described previously.(15) Cells were transfected with
33.3 nmol ⁄L siIGF1R-1, siIGF1R-2, or Stealth RNAi Negative
Control Medium GC Duplex using Lipofectamine 2000
(2 lL). These cells were used for the cell growth assay and
for immunoblot analysis as described previously.(15)

Isobologram analysis. Concentrations of ZSTK474 and
IGF1R-TKIs were plotted on the x and y coordinates of the is-
obologram, respectively. Three isoeffect curves (modes 1, 2a,
and 2b) were created according to the method of Steel and
Peckham.(24) The area enclosed by all three lines represents
the “envelope of additivity.” Experimental data points falling

to the left of the envelope signify synergy, and those falling to
the right of the envelope signify a subadditive relationship.

Animal experiments. Animal care and treatment were carried
out in accordance with the guidelines of the animal use and
care committee of the Japanese Foundation for Cancer
Research. MKN28 xenografts were generated by s.c. inocula-
tion of MKN28 cells in female BALB ⁄ c mice (Charles River
Laboratories Japan, Yokohama, Japan). The generated tumor
fragment of size 3 9 3 9 3 mm was inoculated into each
nude mouse. When the tumors reached 100–300 mm3 in size,
the mice were randomly divided into four groups consisting of
vehicle control, OSI-906 alone, ZSTK474 alone, and the com-
bination of OSI-906 and ZSTK474 (each group containing six
mice) (day 0). Mice in single-agent treatment groups were
treated orally once a day with either ZSTK474 (200 mg ⁄kg
suspended in 5% hydroxypropylmethylcellulose in water) or
OSI-906 (20 mg ⁄kg dissolved in 25 mmol ⁄L L(+)-tartaric acid
[Wako Pure Chemical]) from day 0 to 15. Mice in the combi-
nation treatment group were administered 2 days on ⁄ 1 day off
with OSI-906 (20 mg ⁄kg) and ZSTK474 (200 mg ⁄kg) from
day 0 to 15. OSI-906 was given first followed by ZSTK474
4 h later. Tumor volume was monitored as described previ-
ously.(13)

Immunohistochemistry. To examine basal expression of
IGF1R protein in a panel of 24 tumor xenografts (JFCR24
xenografts), we used a tissue microarray (TMA) consisting of
JFCR24 xenografts.(25) Sections (4 lm thick) of the TMA
block were deparaffinized in xylene and taken through a series
of graded alcohols to water. Antigen retrieval was accom-
plished through wet autoclave pretreatment (20 min at 121°C)
in Cell Conditioning Solution 1 (Ventana Medical Systems,
Tucson, AZ, USA). The sections were then incubated with pri-
mary antibody against IGF1R (G11; Ventana Medical Sys-
tems) for 16 min at 37°C. The EnVision+ system peroxidase
method (EnVision+ kit; Dako, Glostrup, Denmark) was used
for immunochemical staining of IGF1R with the sections also
being counterstained with hematoxylin. Using immunohisto-
chemical staining data for IGF1R, JFCR24 xenografts were
divided into three groups: IGF1R-positive group consisting of
eight cell lines, NCI-H23, NCI-H460, KM12, HCT-15,
MKN28, MKN74, RXF-631L, and LOX-IMVI; IGF1R-nega-
tive group consisting of 12 cell lines, A549, DMS273,
HCC2998, HCT-116, St-4, MKN1, HBC-4, BSY-1, OVCAR8,
SK-OV-3, DU-145, and PC3; and the marginal group consist-
ing of four cell lines, HT-29, MDA-MB-231, OVCAR5, and
U251. The representative staining images are shown in
Figure S5.

Results

Basal expression levels of IGF1R protein in ZSTK474-na€ıve

human cancer cells and the effect of ZSTK474 on inhibition of

PI3K-downstream signaling molecules. To examine whether
IGF1R expression is associated with the intrinsic resistance to
ZSTK474 in PI3Ki-na€ıve cancer cells, we assessed by immu-
noblot analysis the basal expression level of IGF1R protein in
each of the JFCR39 cancer cells without ZSTK474 treatment.
Most of the cell lines expressed IGF1R at detectable levels
(Fig. 1a). A significant correlation was observed between
IGF1R expression and inefficacy of ZSTK474 (r = 0.41,
P = 0.01, Fig. 1b) and NVP-BEZ235 (r = 0.45, P = 0.004,
data not shown). Of those highly expressing IGF1R, we picked
two cell lines, MKN28 and St-4. These cell lines showed
modest sensitivity to ZSTK474 (GI50 = 2.2 and 1.8 lmol ⁄L,
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respectively), compared with SNB75 and PC3 (GI50 = 0.16
and 0.14 lmol ⁄L, respectively), which hardly expressed
IGF1R (Fig. 2a).
To examine the effect of ZSTK474 on the PI3K-downstream

signaling pathway in these cell lines, we investigated the
expression levels of phosphorylated Akt (T308 and S473) after
exposure to ZSTK474. In MKN28 and St-4 cells, phosphory-
lated Akt significantly decreased 3 h after exposure to 2 lmol
⁄L ZSTK474, a dose equal to its GI50. In contrast, in SNB75
and PC3 cells, phosphorylated Akt disappeared after exposure
to 0.4 lmol ⁄L ZSTK474 (Fig. 2b). The result indicated that
cancer cells highly expressing IGF1R showed resistance to
dephosphorylation of Akt triggered by ZSTK474 treatment and
that the dephosphorylation of Akt is associated with inhibition
of cell proliferation.

Knockdown of IGF1R enhances the efficacy of ZSTK474 on inhi-

bition of cell proliferation and PI3K-downstream signaling in

intrinsically resistant cancer cells. To investigate the functional

involvement of IGF1R overexpression in influencing the sensi-
tivity of cells to PI3Kis, we examined the effect of siRNA-
mediated depletion of IGF1R in PI3Ki-sensitive or -resistant
cancer cells. Transfection of MKN28 and St-4 cells with
IGF1R siRNA effectively reduced the IGF1R protein expres-
sion, and concomitantly enhanced the antiproliferating effect
of ZSTK474 (Fig. 3a,b). Similar results were obtained in other
IGF1R-overexpressing human cancer cell lines such as A549
(lung adenocarcinoma) and KM12 (colorectal cancer)
(Fig. S1).
We next examined the role of IGF1R overexpression on

dephosphorylation of Akt and ribosomal S6 protein after expo-
sure to ZSTK474. In MKN28 cells, specific knockdown of
IGF1R made it easier to dephosphorylate Akt (T308 and S473)
and S6 (S235 ⁄S236) by ZSTK474, as compared to control
cells (Fig. 3c). Similarly, it facilitated dephosphorylation of
Akt on S473 and S6 in St-4 cells (Fig. 3c). From these results
we concluded that overexpression of IGF1R in cancer cells

(a) (b)

Fig. 1. Basal expression levels of insulin-like
growth factor 1 receptor (IGF1R) protein and the
correlation with intrinsic resistance to ZSTK474 in
JFCR39 cell lines. (a) Cells without ZSTK474
treatment were harvested and the expression of
IGF1R protein in each of the JFCR39 cell lines was
examined by immunoblot analysis. Expression level
of IGF1R in each sample was normalized to that in
the “control” sample (mixture of lysates prepared
from all 39 cells). Quantitative data are median
values of three independent experiments; images
show representative results. (b) Correlation
between GI50 concentrations of ZSTK474 and IGF1R
protein expression across the JFCR39 cancer cell
lines. Pearson correlation coefficients and P-values
were calculated for demonstrating statistical
significance.

(a)

(b)
Fig. 2. Effect of ZSTK474 on inhibiting cell
proliferation and phosphatidylinositol 3-kinase
(PI3K)-downstream signaling. (a) Dose–response
curves of ZSTK474 in MKN28, St-4, SNB75, and PC3
cells. Cell growth was assessed by sulforhodamine B
assay. (b) Activation status of PI3K-downstream
signaling molecules in MKN28, St-4, SNB75, and PC3
cells after exposure to ZSTK474. Cells were treated
with the indicated concentrations of ZSTK474 for
3 h. Cells were then harvested and immunoblot
analysis of phosphorylated (p-)Akt (T308 and S473)
and ribosomal S6 protein (S6, S235 ⁄ 236) were
carried out.
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(a)

(b)

(c)
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made the PI3K ⁄Akt pathway resistant to inactivation by
ZSTK474, which caused intrinsic resistance to ZSTK474.

Effect of ZSTK474 on phosphorylation status of IRS1 pro-

tein. IRS1 is a substrate of IGF1R tyrosine kinase, and phos-
phorylation of IRS1 on multiple tyrosine residues including
Y612 is involved in the propagation of the growth signal from
IGF1R to PI3K.(16,26,27) Moreover, IRS1 is known to be phos-
phorylated on multiple serine residues by S6K1 upon hyperac-
tivation of the PI3K ⁄mTOR signaling pathway, which
mediates feedback suppression of this pathway.(27–29) We
examined the phosphorylation of IRS1 after treatment with
ZSTK474 and found in each of the four cell lines tested, irre-
spective of IGF1R expression, ZSTK474 triggered dephosphor-
ylation of the S636 ⁄639 residues of IRS1, similar to S6
protein, another substrate for S6K1 (Fig. 3c). Serine dephos-
phorylation coincided with an increase in the electrophoretic
mobility of total IRS1 protein (Fig. 3c).(28) Moreover, specific
knockdown of IGF1R made it easier to dephosphorylate S636
⁄639 residues by ZSTK474, as compared to control cells, simi-

lar to Akt and S6 selectively in MKN28 and St-4 cells highly
expressing IGF1R (Fig. 3c). In contrast, tyrosine phosphoryla-
tion of IRS1 (p-IRS1 (Y612)) was induced by ZSTK474 treat-
ment in St-4 cells (Fig. 3c). Interestingly, the expression of
tyrosine-phosphorylated IRS1 (p-IRS1 (Y612)) was greatly
reduced by specific knockdown of IGF1R in both cell lines
highly expressing IGF1R (Fig. S2). The present results indi-
cated that tyrosine phosphorylation of IRS1 was dependent on
IGF1R expression in MKN28 and St-4 cells.

Synergistic effect of the combination of ZSTK474 and IGF1R-TKI

in intrinsically resistant cancer cells in vitro and in vivo. As over-
expression of IGF1R seemed to be functionally involved in
intrinsic resistance to ZSTK474, we next tested the combina-
tion effects of IGF1R-TKI with ZSTK474 in IGF1R-overex-
pressing cancer cells in vitro. After treatment of MKN28 and
St-4 cells with IGF1R-TKI, either OSI-906 or NVP-AEW541,
they became more sensitive to ZSTK474 (Figs 4a,S3a). Isobo-
logram analysis revealed that the antitumor effect of ZSTK474
in combination with IGF1R-TKI was much greater than their

Fig. 3. Effect of insulin-like growth factor 1 receptor (IGF1R) siRNAs on activity of ZSTK474 to inhibit cell proliferation and phosphatidylinositol
3-kinase downstream signaling. (a) Knockdown of IGF1R protein expression using IGF1R siRNAs. MKN28, St-4, SNB75, and PC3 cells were trans-
fected with control siRNA (si-cont.) or IGF1R siRNAs (siIGF1R-1 or siIGF1R-2) and the expression of IGF1R protein was measured by immunoblot
analysis. (b) Dose–response curves of ZSTK474 against cell growth in MKN28, St-4, SNB75, and PC3 cells after transfection with control siRNA or
IGF1R siRNAs. Cell growth was assessed by sulforhodamine B assay. Assays were carried out in duplicate and the data are representative of two
independent experiments. (c) MKN28, St-4, SNB75, and PC3 cells were transfected with either control siRNA or IGF1R siRNA, and then exposed to
ZSTK474 at the indicated concentrations for 3 h. Cells were then harvested and immunoblot analyses of indicated proteins were carried out.

(a)

(b)

Fig. 4. Effects of OSI-906 combined with ZSTK474 on cell growth in vitro. (a) Dose–response curves of ZSTK474 against cell growth in the pres-
ence or absence of OSI-906. MKN28, St-4, and SNB75 cells were co-treated with the indicated doses of ZSTK474 and OSI-906 for 48 h. Relative
growth at each dose of OSI-906 in the absence of ZSTK474 was normalized as 100%. (b) Three isoeffect curves (modes 1, 2a, and 2b) were cre-
ated according to the method of Steel and Peckham.(24) Evaluation of the effects of combining ZSTK474 and OSI-906 by isobologram analysis of
the same data as in (a). Assays were carried out in duplicate and the present data are representative of two independent experiments.

Cancer Sci | February 2015 | vol. 106 | no. 2 | 175 © 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Isoyama et al.



calculated additive effect, thus suggesting that this drug combi-
nation has a synergistic effect in these cells (Figs 4b,S3b).
Similar results were obtained in A549 and KM12 cells overex-
pressing IGF1R, but not in SNB75 cells, which hardly
expressed IGF1R (Figs 4,S3,S4).
To examine the combined effect of IGF1R-TKI with

ZSTK474 to IGF1R-overexpressing tumors in vivo, we s.c.
implanted MKN28 cells in nude mice and tested the antitu-
mor efficacy of this combination. Combined treatment with
OSI-906 and ZSTK474 inhibited tumor growth to a greater
extent than treatment with either drug alone (Fig. 5a). The
combination was also well tolerated as it showed only a mod-
est loss in body weight (Fig. 5b). Immunoblot analysis
revealed that Akt and S6 were greatly dephosphorylated in
samples receiving the combination therapy, as compared to
those treated with either drug alone (Fig. 5c). These results
indicate that the combination of IGF1R-TKI with ZSTK474
is a promising strategy to overcome the intrinsic resistance of
PI3Ki-na€ıve cancer cells overexpressing IGF1R in vivo, as
well as in vitro.

Correlation between intrinsic resistance to PI3K inhibitor and

basal expression levels of IGF1R protein in ZSTK474-na€ıve human

cancer xenografts. Thus far, we have shown that basal expres-
sion levels of IGF1R correlate with inefficacy of ZSTK474
across the JFCR39 cancer cell line set and overexpression of
IGF1R confers intrinsic resistance to ZSTK474 using two
IGF1R-overexpressing cancer cell lines, MKN28 and St-4. We
next examined whether this correlation is also true in vivo
using a panel of 24 human tumor xenografts (JFCR24 xeno-
grafts) derived from 24 transplantable cell lines selected from
the JFCR39 panel.(25) To this end, we measured IGF1R
expression in tumor samples by immunohistochemistry using a

TMA consisting of JFCR24 xenografts (Fig. S5).(25) We found
a significant correlation between IGF1R expression and ineffi-
cacy of ZSTK474, as determined by treated ⁄ control values
after drug administration (T ⁄C (%))(13) (Fig. 6). These results
suggest that IGF1R expression is associated with the intrinsic
resistance to ZSTK474 in vivo, as well as in vitro.

Discussion

In our previous study, to examine the mechanism of drug
resistance of PI3Kis, we established ZSTK474-resistant cancer
cell lines from four human cancer cell lines after long-term
exposure of cancer cells to ZSTK474. Interestingly, all four
cell lines that acquired resistance to ZSTK474 overexpressed
IGF1R, and their resistance was overcome by expression
knockdown of IGF1R.(15) The overexpression of IGF1R
seemed to confer resistance to cancer cells through hyperacti-
vation of the PI3K pathway, as we could dephosphorylate Akt
and downregulate the pathway by adding ZSTK474 in excess.
When we knocked down the expression of IGF1R, we could
downregulate the pathway and inhibit cell proliferation by add-
ing ZSTK474 at a similar concentration to that in their paren-
tal cell lines. In our current study, similar results were
obtained in PI3Ki-na€ıve cancer cell lines highly expressing
IGF1R, such as MKN28 and St-4; they showed resistance to
ZSTK474-triggered dephosphorylation of Akt and S6 protein
and the subsequent antitumor effect, and the resistance was
cancelled by expression knockdown of IGF1R. These results
indicate that overexpression of IGF1R could be one of the
causes of intrinsic resistance to inhibition of PI3K ⁄Akt signal-
ing and the subsequent antitumor effect induced by ZSTK474
treatment.

(a)

(b)

(c)

Fig. 5. Effects of OSI-906 in combination with
ZSTK474 on the tumor growth of MKN28
xenografts in vivo. (a, b) Antitumor effect (a) and
body weight change (b) after treatment with
vehicle (control, closed circles), OSI-906 (20 mg ⁄ kg,
open diamonds), ZSTK474 (200 mg ⁄ kg, open
squares), or the combination of OSI-906 and
ZSTK474 (open triangles). Mice bearing MKN28
xenografts in each group were treated for 16 days.
Mice in single-agent treatment groups were treated
orally once a day with either ZSTK474 or OSI-906
from day 0 to 15. Mice in the combination
treatment group were administered 2 days on ⁄ 1
day off with OSI-906 and ZSTK474 from day 0 to 15.
Tumor volumes and mouse weights were measured
every 3 days. Data are means � SE for six mice per
group. *P < 0.01, determined by Welch’s t-test
(two-sided). (c) Activation status of
phosphatidylinositol 3-kinase downstream signaling
molecules in MKN28 tumor xenografts. The tumors
were resected from mice 5 h after the final
administration of the experiment on day 15, as
shown in (a). Expression levels of phosphorylated
(p-)Akt (T308 and S473) and ribosomal S6 protein
(S235 ⁄ 236) were examined by immunoblot analysis.
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Insulin-like growth factor 1 receptor is an RTK, and phos-
phorylates multiple tyrosine residues of IRS1 to activate PI3K
and its downstream signal pathway including Akt, mTOR, and
S6K1.(16,26) However, hyperactivation of the PI3K ⁄mTOR
pathway imposes a negative feedback, which attenuates the
PI3K signal through multiple mechanisms. For example, acti-
vated S6K1 phosphorylates IRS1 on multiple serine resi-
dues.(30) The serine-phosphorylated form of IRS1 is known to
attenuate the signal from IGF1R to PI3K through inhibition of
tyrosine phosphorylation of IRS1 and ⁄or inhibition of tertiary
complex formation including IGF1R, PI3K, and IRS1.(29,31,32)

In the present study, the level of the serine-phosphorylated
form of IRS1 was significantly decreased within 3 h of expo-
sure to ZSTK474 in all four cell lines examined, suggesting
relief from the negative feedback program. In contrast, the
tyrosine-phosphorylated form of IRS1 on Y612 was induced in
St-4 cells by ZSTK474 treatment, in accordance with suppres-
sion of serine phosphorylation, whereas it remained unchanged
in MKN28 cells. In both cell lines, expression knockdown of
IGF1R resulted in a reduction in the level of the tyrosine-phos-
phorylated form of IRS1, it facilitated dephosphorylation of
Akt and S6, and sensitized the cells to exposure to ZSTK474.
These results strongly suggested that basal expression of
IGF1R caused resistance to PI3Kis, via activation of the PI3K
⁄Akt pathway through tyrosine phosphorylation of IRS1. Insu-
lin-like growth factor 1 receptor knockdown facilitated dephos-
phorylation of Akt on T308 in MKN28 cells, but had minimal
effect on T308 residue compared with S473 residue in St-4
cells. It is known that phosphorylation of Akt on S473 and
T308 is regulated by different molecules, mTORC2 and
PDK1, respectively;(4,33) however, it remains to be elucidated
why IGF1R knockdown had different effects on dephosphory-
lation of Akt on these two residues. Of note, we previously
showed that IGF1R was overexpressed in cancer cells that

acquired resistance to PI3Kis after long-term exposure to
ZSTK474 for more than 1 year.(15) However, in this study,
exposure to ZSTK474 for up to 24 h did not upregulate IGF1R
expression in St-4 or MKN28 cells (data not shown), indicat-
ing that induction of IGF1R would not be involved in the
resistant phenotype.(34,35)

In recent years, development of predictive biomarkers as com-
panion diagnostics for molecular targeted drugs has become an
important requirement.(36–38) However, there are no clinically
validated biomarkers for predicting the therapeutic efficacy of
PI3Kis. In this study, we showed that the basal expression level
of IGF1R had a significant correlation with inefficacy of
ZSTK474 across the JFCR39 cell lines in vitro, and the JFCR24
xenografts in vivo, suggesting that IGF1R expression could be a
predictive biomarker for ZSTK474 inefficacy in PI3Ki-na€ıve
cancer cells. We also showed that the combination of ZSTK474
with OSI-906 is effective for treating IGF1R-overexpressing
cancers in vitro and in vivo. Combination therapy of a PI3Ki,
BYL-719, with an anti-IGF1R antibody, ganitumab, is under
clinical trial for treating breast cancers harboring a PI3K hotspot
mutation (https://clinicaltrials.gov/ct2/show/NCT01708161).
Another example of combination therapy using a PI3K pathway
inhibitor and an IGF1R-TKI is everolimus and OSI-906 for
patients with refractory metastatic colorectal cancer (https://clin-
icaltrials.gov/ct2/show/NCT01154335). In these studies, no bio-
markers for patient selection were identified except PIK3CA
mutation. In the present study, we showed that the combination
of ZSTK474 and OSI-906 is effective for tumor cells highly
expressing IGF1R, irrespective of the mutation status of the
PIK3CA gene. We expect that this combination would be a
promising therapy for treating tumors expressing IGF1R. In
regard to other RTKs including epidermal growth factor receptor
and human epidermal growth factor receptor 2 and 3 proteins,
no significant correlation with the efficacy of ZSTK474 across
the JFCR39 cell line set was observed in our previous study.(13)

Moreover, none of these RTKs except IGF1R were upregulated
in the cancer cells that acquired resistance to ZSTK474.(15)

These observations strongly suggested that IGF1R is a unique
RTK gene that could be used as a predictive biomarker for inef-
ficacy to PI3K inhibitors.
We found that the combination of IGF1R inhibitor and

ZSTK474 was superior to single agents in IGF1R-positive can-
cer cells in vivo. In this experiment, we observed non-negligi-
ble body weight loss in the combination treatment group
compared to the single agent treatment groups. Although the
body weight of mice in the combination treatment group
stopped falling on day 9 in our preclinical model, the safety of
the combination therapy will become an issue in the future, to
develop the therapeutic strategy for treating human cancer
patients.
In summary, we have shown that PI3Ki-na€ıve cancer cells

highly expressing IGF1R exhibited resistance to ZSTK474, but
combining ZSTK474 with an IGF1R-TKI exerted a significant
therapeutic response in such cancer cells, compared to each
drug alone. Moreover, the relationship of IGF1R expression to
the intrinsic resistance was found using in vitro and in vivo
human cancer panels. These observations will be of use for
determining therapeutic strategies for treating IGF1R-positive
human cancers.
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Fig. 6. Difference in antitumor efficacy of ZSTK474 between insulin-
like growth factor 1 receptor (IGF1R)-positive and -negative ZSTK474-
na€ıve human cancer xenografts. JFCR24 xenografts were divided into
three groups: IGF1R-positive group (eight tumors); IGF1R-negative
group (12 tumors); and the marginal group (four tumors). In vivo effi-
cacies of ZSTK474 (treated ⁄ control [T ⁄ C] values [%] after daily treat-
ment with 200 mg ⁄ kg for 2 weeks) were determined previously.(13)

Welch’s t-test (two-sided) was used to determine the statistical signifi-
cance of difference in the T ⁄ C values of ZSTK474 in the IGF1R-positive
group and those in the IGF1R-negative group.
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Supporting Information

Additional supporting information may be found in the online version of this article:

Fig. S1. Effect of insulin-like growth factor 1 receptor (IGF1R) siRNAs on protein expression of IGF1R and sensitivity to ZSTK474 in A549 and
KM12 cells.

Fig. S2. Effect of insulin-like growth factor 1 receptor (IGF1R) siRNA on expression of tyrosine-phosphorylated form of IRS1 on Y612 upon
treatment with ZSTK474.

Fig. S3. Effects of NVP-AEW541 in combination with ZSTK474 on the cell growth of MKN28, St-4, A549, KM12, and SNB75 cells in vitro.

Fig. S4. Effects of OSI-906 in combination with ZSTK474 on growth of A549 and KM12 cells in vitro.

Fig. S5. Basal expression of insulin-like growth factor 1 receptor (IGF1R) protein in JFCR24 tumor xenografts.
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