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Epidemiological and experimental studies have identified hyperinsulinemia as an important risk
factor for breast cancer induction and for the poor prognosis in breast cancer patients with obesity
and type 2 diabetes. Recently it was demonstrated that both the insulin receptor (IR) and the IGF-IR
mediate hyperinsulinemia’s mitogenic effect in several breast cancer models. Although IGF-IR has
been intensively investigated, and anti-IGF-IR therapies are now in advanced clinical trials, the role
of the IR in mediating hyperinsulinemia’s mitogenic effect remains to be clarified. Here we aimed
to explore the potential of IR inhibition compared to dual IR/IGF-IR blockade on breast tumor
growth. To initiate breast tumors, we inoculated the mammary carcinoma Mvt-1 cell line into the
inguinal mammary fat pad of the hyperinsulinemic MKR female mice, and to study the role of IR,
we treated the mice bearing tumors with the recently reported high-affinity IR antagonist-S961,
in addition to the well-documented IGF-IR inhibitor picropodophyllin (PPP). Although reducing IR
activation, with resultant severe hyperglycemia and hyperinsulinemia, $961-treated mice had sig-
nificantly larger tumors compared to the vehicle-treated group. This effect maybe secondary to the
severe hyperinsulinemia mediated via the IGF-1 receptor. In contrast, PPP by partially inhibiting
both IR and IGF-IR activity reduced tumor growth rate with only mild metabolic consequences. We
conclude that targeting (even partially) both IR and IGF-IRs impairs hyperinsulinemia’s effects in
breast tumor development while simultaneously sparing the metabolic abnormalities observed
when targeting IR alone with virtual complete inhibition. (Endocrinology 154: 1701-1710, 2013)

reast cancer is the second most common cancer and
Bthe leading cause of cancer death in women world-
wide. The American Cancer Society estimates that breast
cancer accounts for almost 30% of all new cancer cases in
women (1). Despite intensive research in the last 2 decades,
the mechanisms underlying in the initiation of the disease
are still not well understood. Epidemiologic and cohort
studies have linked type 2 diabetes mellitus (T2DM) with
an increased risk for developing breast cancer and higher
mortality rates, even in the absence of obesity (2-5). It is
believed that endogenous hyperinsulinemia may play a
central role in mediating the mitogenicity observed in
T2DM. Support for this hypothesis is the fact that no
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definitive association was found between the risk of breast
cancer and type I diabetes (6 —8). Furthermore, even in the
absence of T2DM, hyperinsulinemia has been reported to
increase the risk of breast cancer recurrence and death in
women with breast cancer (9, 10). Insulin may directly
affect breast tumors by inducing cell proliferation on the
one hand, and by inhibiting apoptosis on the other hand
(11, 12). In addition, insulin can indirectly affect breast
cancer by suppressing insulin-like growth factor binding
protein-1, which modifies free IGF-I levels. Furthermore,
hyperinsulinemia is able to regulate the production of tes-
tosterone and estrogen; both are associated with breast
cancer development (13). Insulin receptor (IR) and IGF-

Abbreviations: IR, insulin receptor; PI3K, phosphatidylinositol 3-kinase; PPP, picropodo-
phyllin; T2DM, type 2 diabetes mellitus.
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IR, which belong to the same subfamily of receptor ty-
rosine kinases, share high sequence homology, especially
in the tyrosine kinase domain; moreover, similar signaling
pathways, primarily the phosphatidylinositol 3-kinase
(PI3K)-Akt pathway and the MAPK pathway, mediate
both receptors effects (14-16). Both IR and IGF-IR have
been reported to mediate the mitogenic effects of insulin
and are frequently overexpressed in breast cancer (17). It
was demonstrated that IR overexpression in node-nega-
tive breast carcinoma was associated with reduced dis-
ease-free survival (18). Furthermore, IR activation by in-
sulin was demonstrated in most breast cancers, thereby
enhancing induced cell growth and proliferation, espe-
cially in the hyperinsulinemic state (19).

The MKR female mice provide an excellent model to
study the association between hyperinsulinemia and
breast cancer in the absence of other factors associated
with obesity and diabetes. Hyperinsulinemia and severe
insulin resistance are the main characteristics detected in
these female mice. Blood glucose levels in female MKR
mice are only mildly elevated, but importantly, these mice
are not obese. Recently, it was demonstrated that hyper-
insulinemia induces accelerated mammary gland develop-
ment in these mice (20). Moreover, inoculation of Mvt-1
cells, a metastatic mammary carcinoma cell line, into the
fourth mammary fat pad, forms significantly larger tu-
mors in MKR female mice than in controls (11). Similar
results were observed with inoculation of other mammary
carcinoma cell lines (7, 21). In these studies, it was dem-
onstrated that IR/IGF-IR mediated hyperinsulinemia’s mi-
togenic effects through the PI3K-Akt pathway, a major
axis for delivering insulin’s signals. This is not surprising
because the PI3K-Akt pathway’s role in several types of
cancer including breast cancer is well established (22, 23).
Using BMS-536924, a nonselective ATP-cleft inhibitor for
IR and IGF-IR, Novosyadlyy et al showed significant re-
duction in breast tumor growth rate in the female MKR
mice, despite metabolic abnormalities. These findings
highlight the role of IR/IGF-IR in mediating hyperinsu-
linemia’s mitogenic effect (20). However, recent reports
have demonstrated that resistance to anti-IGF-IR therapy
may be due to IR compensation. Support for this comes
from the findings demonstrating improved sensitivity to
anti-IGF-IR therapy after tissue-specific IR-knock-outin a
mouse model of pancreatic cancer (24, 25).

Until recently, antibodies were the only available an-
tagonists against the IR, and due to the dimeric nature of
antibodies, their antagonistic properties depend on the
contextin which they are used; under certain circumstance
they become partial agonists. Recently, Novo-Nordisk
has identified $961, a specific antagonist for the IR with
low affinity toward the IGF-IR. Unlike IR, several antag-
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onists were developed against the IGF-IR (26); picropo-
dophyllin (PPP), a member of the cyclolignans family, was
one of the first to be developed (27).

In the present study we took advantage of both S961
and PPP to identify new therapeutic strategies for breast
cancer in the hyperinsulinemic state and to explore the role
of both IR and IGF-IR in mediating hyperinsulinemia’s
mitogenic effects. We inoculated Mvt-1 cells in to the
fourth mammary fat pad of the hyperinsulinemic MKR
female mice and examined separately the effect of $961
and PPP on tumor growth and metabolic state and the
signaling pathways mediating these effects.

Materials and Methods

Cell culture

Mouse mammary cancer cell line, Mvt-1, was derived from an
explant culture of an MMTV ¢-Myc/Vegf transgenic female
mouse as previously described (28). Cells were grown in mono-
layer culture in DMEM (Biological Industries, Beit Haemek, Is-
rael) supplemented with 10% fetal bovine serum (Biological In-
dustries) and antibiotics (penicillin:streptomycin; Biological
Industries) at 37°C in a humidified atmosphere consisting of 5%
CO, and 95% air.

Animals

The generation of the MKR mice, a transgenic mouse with a
dominant-negative insulin-like growth factor-I receptor specif-
ically targeted to the skeletal muscle, was previously described
(29). Mice were kept on a 12-hour light/dark cycle with access to
standard mouse chow and fresh water ad libitum. Mice studies
were performed according to the protocol approved by the Tech-
nion Animal Inspection Committee. The Technion holds an NIH
animal approval license number A5026-01.

Protein extraction and Western blot analysis

Cellular extraction was carried out as follows. Cells were
washed in PBS and lysed in lysis buffer (10 mmol/L Tris-HCl at
pH 7.5, 150 mmol/L NaCl, 10 mmol/L sodium pyrophosphate,
1.0 mmol/L B-glycerophosphate, 1.0 mmol/L sodium or-
thovanadate [Na;VO,], 50 mmol/L sodium fluoride [NaF],
1.25% CHAPS [3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate]) and Protease Inhibitor Cocktail (Complete;
Roche Diagnostics, Mannheim, Germany). Protein from homog-
enized tissues was extracted in a similar fashion. After incubation
on ice for 30 minutes and centrifugation at 13 000 rpm for 10
minutes, the supernatants were collected and the protein con-
centrations were determined with the Protein Assay Kit (Bio-
Rad, Richmond, California). Protein was electrophoresed
through a 10% polyacrylamide gel and transferred to a nitro-
cellulose membrane (Bio-Rad) by electroblotting. The mem-
branes were immunoblotted with the desired antibody, followed
by a matched secondary antibody conjugated with horseradish
peroxidase (Jackson Laboratories, Bar Harbor, Maine).

The following antibodies, phospho-IRBY'"**VIGF-
IRBY'135/3¢ TR B, IGF-IR, Phospho-Akt! ™" 39%) total Akt, phos-
pho-p44/42(Thr202/Tyr204) NJAPK (ERK 1/2), total p44/42-
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MAPK, and B-actin were purchased from Cell Signaling
Technology (Danvers, Massachusetts). Membranes were devel-
oped by enhanced chemiluminescence (GE Healthcare Biosci-
ences, Piscataway, New Jersey) and analyzed using luminescent
image analyzer LAS-4000 (Fujifilm, Tokyo, Japan). Densitom-
etry analysis was performed using ImageQuant software (GE
Healthcare Biosciences).

Immunoprecipitation

Tissue lysates (0.5 mg) were mixed with anti-IRB (2 ug) or
anti-IGF-IR (2 ug) (Santa Cruz Biotechnology, Santa Cruz, Cal-
ifornia) antibodies at 4°C overnight with continuous agitation.
Protein A-Sepharose beads (Santa Cruz Biotechnology) were
added and incubated at 4°C for an additional 4 hours. The beads
were washed 3 times with the lysis buffer. Laemmli sample buffer
(5% B-mercaptoethanol, 2% sodium dodecyl sulfate, 62.5
mmol/L Tris-HCI, 1T mmol/L EDTA, 10% glycerol) elutes were
analyzed as described above.

Metabolic assays

Body weights and blood glucose levels were measured weekly.
Blood glucose levels were measured in the nonfasting state with
an automated glucometer (Accu-Check Preforma System; Roche
Diagnostics). At the end of the study, mice were anesthetized and
blood samples were taken from the heart and used for insulin
levels measurement by ELISA kit (cat. no. EZRMI-13K; Milli-
pore, Billerica, Massachusetts) according to the manufacturer’s
instructions.

Syngeneic orthotopic tumor models

Mvt-1 cells were grown until 90% confluence and detached
by trypsin solution (Biological Industries). Injected into the left
inguinal mammary fat pad (no. 4) of 8-week-old female MKR
mice were 100,000 Mvt-1 resuspended in 100 wL PBS. Tumor
volume was monitored once a week with calipers; volume was
calculated in cubic millimeters by the formula: (width? X
length < 0.5).

S961 and PPP treatment

Two weeks after cell inoculation, treatment groups were set
with matched tumor size between groups. Mice were adminis-
tered for 3 weeks by 100 uL ip injections twice daily with either
the high-affinity insulin receptor antagonist S961 (400 ug/kg
body weight; a gift from Novo Nordisk, Maaloev, Denmark) or
the IGF-IR inhibitor PPP (20 mg/kg body weight; a gift from Dr
Ada Girnita, Cellular and Molecular Tumor Pathology, Depart-
ment of Oncology and Pathology, Cancer Centre Karolinska
R8:04, Karolinska Hospital, Sweden). Control mice were ad-
ministered an equal volume of vehicle (sterile PBS). At the end of
the study, mice were euthanized, and tumors were removed and
immediately snap frozen for immunoblot analyses.

Statistical analysis

All data are presented as mean = SEM. The Mann-Whitney
test was used for statistical analyses, with P values less than .05
considered statistically significant.
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Results

Specific inhibition of the insulin receptor after
5961 treatment

To examine S961 efficiency in specifically blocking the
IR, we first validated that S961 blocked insulin-induced
Akt phosphorylation. $961 treatment for 30 minutes be-
fore insulin stimulation caused a dose-dependent decrease
in Akt phosphorylation in a similar fashion to wortman-
nin, a specific PI3K inhibitor (Figure 1, A and B). Next, we
validated that S961 does not affect signaling via the IGF-
IR. Hence, Mvt-1 cells were stimulated with IGF-I after 30
minutes of treatment with S961. Interestingly, not only did
Akt phosphorylation not decrease after S961 treatment,
but also an increase in Akt phosphorylation was observed
after S961 treatment. As expected, Akt phosphorylation
was blocked with the treatment of wortmannin (Figure 1,
C and D). Thus, S961 specifically inhibits IR, and the
hyperphosphorylation of Akt observed when cells treated
with S961 and IGF-1 might suggest hyperactivation of the
IGF-IR as a compensatory mechanism when IR is

inhibited.

PPP inhibits both IR and IGF-IR activation in Mvt-1
cells

We examined the PPP effect on both IR and IGF-IR in
asimilar manner to S961, as described above. Cells treated
with PPP for 60 minutes before IGF-1 stimulation had a
moderate but significant decrease in Akt phosphorylation,
unlike wortmannin that abrogates the IGF-1 effect (Figure
2, A and B). Surprisingly, Mvt-1 cells that were treated
with insulin after 60 minutes of PPP treatment had the
same reduction in Akt phosphorylation as observed with
IGF-Istimulation (Figure 2, A and C), suggesting that PPP
is not specific to the IGF-1R.

$961 induces hyperglycemia and severe
hyperinsulinemia in MKR female mice

To study the role of the IR and IGF-IR in tumor pro-
gression, we used the nonobese female MKR mouse,
which is characterized by marked hyperinsulinemia but
only mild dysglycemia. We orthotopically inoculated
MKR mice with Mvt-1 cells, and 2 weeks after injection of
the cells, the mice were divided into 3 treatment groups
that were matched for respective tumor size. Mice were
treated with S961 (10 ug/kg) or PPP (20 mg/kg) twice a
day by ip injections or the same volume of vehicle. Treat-
ment was continued for 3 weeks. We evaluated the met-
abolic state during and after the treatment with the inhib-
itors. After 3 weeks of treatment, significant
hyperglycemia developed in the S961-treated group. Un-
like S961, PPP treatment had no effect on blood glucose

202 UoJBlN 0Z U0 1sonB Aq | LEEZ12/L0. LIS/S L/BIOIME/OPUS/LI0D"dNO"0ILISPEDE//:SARY W) PAPEOIUMOQ



1704 Rostoker et al

Hyperinsulinemia’s Effect on Tumorigenesis

Endocrinology, May 2013, 154(5):1701-1710

A - B
pAkt(TPr308) ' . . W | 60kDa PAKLTIE08) [ i c— -‘ 60 kDa
2
-.-;
v |G YD WD e oo Akt L e 60 kDa
pactin | D QU | < 0: B actin w 42 kDa
insulin (10 nM) - + + + + IGF-1 (10 nM) + + + +
5961 - - - 10nM  100nM S961 - - - 10nM  100nM

wortmannin (100nM)

wortmannin (100nM)

pAkt normalized to total Akt 350 - pAkt normalized to total Akt
w
100 o
¢ g
£ 80 - € 250
g 60 §zm '
o *# & 150
£ 40 g
5 3
z 20 s e it s 50
2 * -
o — e —
& & i N N a2 s & N N
ﬁ\\c \&\}\ & $ Go\!\ @52* & & 6@(\‘ @si‘ @&i‘
) oF * &~ W NS
L o A £ & 5
s & & (;‘.'\” N ,‘-?;o
& N o 4 & M
& -\(\"\} = \(}

Figure 1. Specific inhibition of the insulin receptor after S961 treatment in Mvt-1 cells. Mvt-1 cells were starved with serum-free medium for 16
hours and then treated for 30 minutes with the insulin receptor inhibitor S961 (10 nM and 100 nM) or the PI3K inhibitor wortmannin (100 nM) as
a control before treatment with 10 nM insulin (A) or IGF-I (B). Cellular lysates were separated by SDS-PAGE, and the phosphorylation and protein
levels were assessed using specific antibodies by Western blotting. Protein expression was quantified by densitometric analysis; pAkt levels were
normalized to Akt expression, and relative phosphorylation for insulin treated cells (C) and IGF-I-treated cells (D) was determined. Equal loading of
proteins was demonstrated by immunoblotting with an antibody directed against g-actin. The Mann-Whitney test was performed to compare the

difference from the insulin or IGF-1-treated cells. *P < .05; **P < .01.

levels (Figure 3A). IR is generally accompanied by a com-
pensatory rise in the insulin level. Therefore, we examined
the effect of both inhibitors on plasma insulin levels. Se-
vere hyperinsulinemia was observed after S961 treatment
compared to the control group. PPP induced a slight but
significantincrease in the plasma insulin levels (Figure 3B).
A very small but significant increase in body weight was
detected only in the S961-treated mice (Figure 3C).

$961 induces enhanced tumor progression,
whereas PPP impairs tumor progression in MKR
female mice

To examine the effect of the inhibitors on tumor growth
rate, interval measurements of tumor volume over the
treatment period were performed in addition to measure-
ments of tumor weight at the end of the study. Tumor
volumes were significantly higher in the MKR mice treated
with $961 compared with the MKR vehicle-treated group.

In contrast, tumor volumes of mice treated with PPP were
significantly lower compared with the MKR vehicle-
treated group (Figure 4A). Similarly, although tumor
weights were significantly higher after S961 treatment,
tumor weights were significantly reduced in the PPP-
treated mice (Figure 4B).

S961 impairs IR activation, whereas PPP partly
inhibits both IR and IGF-IR activation and
significantly reduces both receptors expression in
mammary tumors

To confirm the in vivo efficiency of both $961 and PPP,
tumor tissues were extracted from PPP, S961, and vehicle-
treated groups; lysates were subjected to immunoprecipi-
tation of the B-subunits of IR (IRB) and IGF-1R (IGF-IR)
and immunoblotted with an antiphosphotyrosine anti-
body. As expected, $961 treatment significantly inhibited
IR activation as shown by reduced tyrosine phosphoryla-
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Figure 2. PPP inhibits both IR and IGF-IR activation in Mvt-1 cells. (A) Mvt-1 cells were starved with serum-free medium for 16 hours and then
treated for 1 hour with PPP (2.5 mM) or wortmannin (100 nM) for 30 minutes as a control before treatment with 10 nM IGF-I or insulin. Cellular
lysates were separated by SDS-PAGE, and the phosphorylation and protein levels were assessed using specific antibodies by Western blotting.
Protein expression was quantified by densitometric analysis; pAkt levels were normalized to Akt expression and relative phosphorylation for IGF-I
treated cells (B) and insulin-treated cells (C) was determined. Equal loading of proteins was demonstrated by immunoblotting with an antibody
directed against B-actin. The Mann-Whitney test was performed to compare the difference from the insulin or IGF-1 treated cells. *P < .05.

tion compared to the control group; this effect was not
observed for the IGF-IR. In accordance with its in vitro
effect, PPP led to significant reductions of both IR and
IGF-IR phosphorylation (Figure 5, A and B). In addition,
S961 moderately affects IGF-IR expression but had no
effect on IR expression. Tumors from PPP-treated mice
had a reduction in both IR and IGF-IR expression (Figure
5,Cand D).

$961 induces tumor growth by enhancing of Akt
signaling in the MKR mouse

To identify potential mechanisms to explain the more
rapid tumor growth rate when IR is inhibited, we exam-
ined the 2 primary intracellular signal pathways mediated
by IR and IGF-IR: the PI3K pathway and the MAPK path-
way. $961 treatment resulted in sustained activation of the
PI3K, as demonstrated by significant hyperphosphoryla-
tion of Akt. On the other hand, S961 had no significant
effect on the MAPK pathway as demonstrated by ERK1/2
phosphorylation levels. Both pathways were unaffected
after PPP treatment; Akt and ERK1/2 phosphorylation
levels were similar between vehicle-treated and PPP-
treated mice (Figure 6, A and B).

Discussion

The association between T2DM and cancer was observed
more than 100 years ago (30).

Recently, an increasing number of studies have shown
an increased incidence of breast cancer and poorer out-
comes in T2DM patients. Although T2DM is accompa-
nied by obesity and inflammation, which both can pro-
mote cancer, it was also shown that hyperinsulinemia
alone may mediate mitogenic effects in T2DM (4, 5, 31,
32). Insulin can directly promote cancer growth by induc-
tion of cell proliferation, cell division, migration, and in-
hibition of apoptosis (33, 34). It can also promote cancer
and especially breast cancer growth indirectly, by reduc-
ing IGF-binding proteins production, thus increasing free
IGF-1 availability (35), and hyperinsulinemia may also
result in the increased estrogen production and inhibition
of hepatic production of sex hormone binding globulin
(13, 36, 37). Both IGF-1 and estrogen mediate mammary
gland development and are associated with breast cancer
(38, 39). Insulin binds with high affinity to its cognate IR
but at high concentrations insulin can associate and acti-
vate the IGF-IR (40). In addition, both receptors were
shown to mediate the mitogenic effects of hyperinsulin-
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Figure 3. S961 induces hyperglycemia and severe hyperinsulinemia in MKR female mice. (A) Blood samples were obtained from the tail vein, and
glucose concentrations were determined before, during, and after treatment. (B) Plasma insulin concentrations were measured at the end of the
study. (C) Total body weight was measured before treatment (week 0) and after treatment (week 3). The Mann-Whitney test was performed to

compare metabolic parameter before, after, and during the experiments.

emia on breast tumor development in the hyperinsuline-
mic female MKR mice (20). Overexpression of both IR
and IGF-IR was found in breast cancer tissues and breast
cancer cell lines (41, 42), and IR overexpression has been
associated with decreased disease-free survival (18). Iden-
tification and understanding the importance of each re-
ceptor in mediating the hyperinsulinemic mitogenic effect
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*P < .05; **P < .01. n = 6-7 mice per group.

associated with breast cancer are vital for developing bet-
ter therapeutic strategies.

Here, we took advantage of 2 newly characterized in-
hibitors. First, we tested the IR antagonist, S961. This
compound has been shown to be IR specific in vitro and in
vivo without having any effect on IGF-IR and therefore
making it suitable for use in our system (43, 44). We con-

1.6

14 4

tumor weight, g
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Figure 4. S961 induces enhanced tumor progression, whereas PPP impairs tumor progression in MKR female mice. (A) Mvt-1 cells were injected
into the fourth mammary fat pad of 8-week-old virgin MKR mice. Treatment with vehicle or S961 began 2 weeks after cell injections. Tumor
volume was measured each week during vehicle or S961 treatments. (B) Tumor weight was measured at necropsy. The Mann-Whitney test was
performed to compare the difference between the groups, *P < .05; **P < .01. n = 6—7 mice per group.
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Figure 5. S961 impaired IR activation, whereas PPP partly inhibited both IR and IGF-IR activation and significantly reduced both receptors
expression in breast tumors. (A) At necropsy, tumors were homogenized in detergent lysis buffer followed by immunoprecipitation (IP) of IR or
IGF-IRB. After SDS-PAGE separation, tyrosine phosphorylation of the precipitated proteins was evaluated by Western blotting analysis with
antiphosphotyrosine antibody (anti-pY). Equal loading of proteins was ensured by reprobing the immunoblots with the antibodies used for
immunoprecipitation. (B) IR/IGF-IR expression was evaluated by Western blotting analysis with anti-IR and anti-IGF-IR antibodies. Equal loading of
proteins was demonstrated by immunoblotting with an antibody directed against B-actin. (C) IR/IGF-IR phosphorylation (normalized to IR and IGF-
IR, respectively) was quantified by densitometric analysis and is presented as a fold change compared with the vehicle-treated control group. (D)
IR/IGF-IR expression was quantified relative to actin expression. The Mann-Whitney test was performed to compare the difference between groups.
*P < .05; **P < .01.

firmed the specificity of S961 for the IR on the mammary  that PPP inhibits both IR and IGF-IR in a similar fashion.

carcinoma Mvt-1 cell line. Second, we examined PPP, a
cell-permeable cis-cyclolignan compound that was discov-
ered as an inhibitor for tyrosine phosphorylation of the
IGF-1R (27). Using the Mvt-1 cell line, we demonstrated

Unlike $961, PPP induced only partial inhibition (<50%)
of both receptors. These findings are in accord with a
recent report showing PPP impairs cell proliferation of
both IGF-IR-deficient and IGF-IR-positive cells, suggest-
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Figure 6. S961-induced tumor growth by enhancing of Akt signaling in the MKR mouse. (A) Tumors lysates were separated by SDS-PAGE, and
the phosphorylation and protein levels were assessed using specific antibodies by Western blotting. (B) Relative expression was quantified by
densitometric analysis and is presented as a fold change compared with the vehicle-treated control group. pAkt levels were normalized to Akt
expression, and phospho-ERK1/2 levels were normalized to ERK1/2. Equal loading of proteins was demonstrated by immunoblotting with an
antibody directed against B-actin. The Mann-Whitney test was performed to compare the difference between groups. *P < .05; **P < .01.
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ing PPP also affects other receptor tyrosine kinases, such
as the IR (45).

To investigate the role of IR and IGF-IR in mediating
the specific effect of hyperinsulinemia on breast cancer
progression, we used these 2 inhibitors in vivo in the syn-
geneic Mvt-1 orthotopic model in MKR female mice.
These mice represent a “prediabetic” model with virtually
isolated hyperinsulinemia and therefore are appropriate
to determine the mechanisms underlying hyperinsulin-
emia in mediating breast cancer development (20). Mam-
mary gland development was shown to be enhanced in the
hyperinsulinemic MKR female mice; in addition, hyper-
insulinemia in these mice induced accelerated growth of
breast tumors in both orthotopic and genetic models of
breast cancer (11, 20, 21, 46). The present study was un-
dertaken to determine which receptor was more respon-
sible for the hyperinsulinemic effect on tumor growth.

Our results demonstrate that IR blockade via ip injec-
tions of S961 induced severe hyperglycemia and hyperin-
sulinemia, thus clearly demonstrating that S961 strongly
affects IR signaling in all peripheral metabolic tissues (Fig-
ure 3, A and B). Surprisingly, $961 significantly enhanced
mammary tumor growth rate despite a reduction in acti-
vated IR levels, which leads us to speculate that the resul-
tant markedly elevated insulin levels may now be promot-
ing tumor growth via the IGF-1R expressed by the tumors
that are not blocked by S961. Whether the hyperinsulin-
emia is now acting via the IGF-1 receptor directly or in-
creasing IGF-1 bioavailability remains to be determined.
To examine whether $961 treatment resulted in activation
of the IGF-1R, we tested the acute effect of S961 on the
activation of both IR and IGF-R, and activation of the
downstream PI3K-Akt signaling pathway. In support of
our hypothesis, S961 acute treatment induced IGF-IR ac-
tivation that was sufficient to significantly activate the
PI3K-Akt signaling pathway ~3-fold compared to vehicle
treatment in breast tumors from MKR female mice inoc-
ulated with Mvt-1 cells (data not shown).

The PI3K-Akt pathway regulates key cellular events,
such as cell survival, cell proliferation, apoptosis, and cy-
toskeletal rearrangements. Therefore it is not surprising
that deregulation of the PI3K-Akt pathway is frequently
observed in human cancers (23, 47). IR/IGF-IR was found
to mediate the hyperinsulinemic effect on mammary tu-
mor progression through activation of the PI3K-Akt path-
way (20). It was demonstrated that inhibition of the PI3K
pathway reduced the accelerated tumor growth rate in
female MKR mice, while worsening the metabolic state of
the mice (21, 48). Our current results highlight the im-
portance of the PI3K-Akt pathway in breast cancer devel-
opment as demonstrated by significantly higher levels of
pAkt in mammary tumors from the S961-treated mice.
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Although IR binds insulin with higher affinity, it was pre-
viously shown that high levels of insulin can activate the
IGF-IR (49). Yee et al showed that IGF-IR knockdown
increases insulin sensitivity, as demonstrated by higher
levels of pAkt in IGF-IR knockdown LCC6 cell line (50).
These results, and the results of our current study, suggest
that IR blockade with $961, which induced severe hyper-
insulinemia, led to high pAkt levels through IGF-IR acti-
vation. The MAPK cascade, which is also activated by
insulin and other growth factors, has been shown to be
involved in cancer development in both mice and humans
(51,52). However, as shown in other breast cancer models
in the MKR mice, our results demonstrate that the MAPK
pathway is apparently not mediating the mitogenic effects
of the hyperinsulinemia.

PPP has been shown to induce anticancer effects in sev-
eral mouse models (27, 53, 54), and PPP is currently being
tested in a phase Il study on patients with squamous nons-
mall-cell lung carcinoma (55). Here, we demonstrate that
PPP treatment for 3 weeks had no effect on blood glucose
levels and only very minor effects on insulin levels. More-
over, PPP treatment significantly reduced tumor develop-
ment in the female MKR mice. The PPP in vivo blockade
effect was similar to its in vitro effect; PPP partially
blocked both the IGF-IR and the IR activation to a similar
degree. These results suggest that partial inhibition of both
IR and IGF-IR may abrogate insulin’s mitogenic effect
while only mildly affects the metabolic state. It was pre-
viously shown that IGF-I binds to hybrid receptors with
the same affinity to the IGF-IR, whereas insulin has much
lower affinity for IR/IGF-IR hybrids. Thus, hybrid recep-
tors may increase the IGF-1 mitogenic signals (49, 56).
Tumors from PPP-treated mice had a significant reduction
in both IR and IGF-IR expression; a direct consequence of
this may be the reduction in IR/IGF-IR hybrid formation,
which could be another possible mechanism by which PPP
acts to reduce tumor development in the female MKR
mice. PPP treatment did not induce significant changes in
the activation of both the PI3K and the MAPK pathways.
This may be due to other endogenous factors that could
contribute to activation of both pathways (57-59).

In conclusion, our study demonstrates that complete
blockade of IR by itself in the whole animal results in a
worsening of the insulin resistance and metabolic abnor-
malities that may have secondary effects on tumor growth.
We also confirmed that hyperinsulinemia induces tumor
growth primarily through the PI3K-Akt pathway. Thus,
we hypothesize that IR blockade in the hyperinsulinemic
state induces enhanced insulin binding to and activation of
the IGF-IR, which may then contribute to insulin’s mito-
genic effects. Our results raise the possibility that tissue-
specific IR blockade is required for better understanding
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of the mechanisms linking IR, hyperinsulinemia, and
breast cancer, and recent published data support this ap-
proach (25, 60). The present study has clinical implica-
tions; although most attention has been directed toward
targeting the IGF-1R, we demonstrate here that dual (and
even partial) inhibition of both IR and IGF-IRs impairs
hyperinsulinemia-mitogenic effects in breast tumor devel-
opment, with minimal metabolic consequences.
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