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Endogenous hyperinsulinemia and insulin receptor (IR)/IGF-I
receptor (IGF-IR) phosphorylation in tumors are associated with
a worse prognosis in women with breast cancer. In vitro, insulin
stimulation of the IR increases proliferation of breast cancer
cells. However, in vivo studies demonstrating that IR activation
increases tumor growth, independently of IGF-IR activation, are
lacking. We hypothesized that endogenous hyperinsulinemia
increases mammary tumor growth by directly activating the
IR rather than the IGF-IR or hybrid receptors. We aimed to
determine whether stimulating the IR with the insulin analog
AspB10 could increase tumor growth independently of IGF-IR
signaling. We induced orthotopic mammary tumors in control
FVB/n and hyperinsulinemic MKR mice, and treated them with
the insulin analog AspB10, recombinant human IGF-I, or vehicle.
Tumors from mice with endogenous hyperinsulinemia were
larger and had greater IR phosphorylation, but not IGF-IR
phosphorylation, than those from control mice. Chronic AspB10
administration also increased tumor growth and IR (but not IGF-IR)
phosphorylation in tumors. IGF-I led to activation of both the IGF-
IR and IR and probably hybrid receptors. Our results demonstrate
that IR phosphorylation increases tumor growth, independently of
IGF-IR/hybrid receptor phosphorylation, and warrant consideration
when developing therapeutics targeting the IGF-IR, but not the IR.
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I
ndividuals with obesity, the metabolic syndrome
(MetS), and type 2 diabetes (T2D) have increased
breast cancer incidence and mortality (1–3). Endog-
enous hyperinsulinemia appears to be an important

factor linking obesity, T2D, MetS, and breast cancer (4–6).
The association between endogenous insulin concentration
and breast cancer risk seems to be independent of obesity
(6,7). In women without diabetes, with early-stage breast
cancer, hyperinsulinemia is associated with a lower disease-
free and overall survival (8).

It is hypothesized that hyperinsulinemia may increase
tumor growth by direct and/or indirect mechanisms. Direct
mechanisms involve insulin acting on the insulin receptor
(IR) or IGF-I receptor (IGF-IR) on tumor cells, activat-
ing signaling pathways and tumor growth (9,10). Indirect
mechanisms include hyperinsulinemia stimulating hepatic
IGF-I synthesis, decreasing IGF binding protein-1 synthesis,

and thus increasing local IGF-I concentrations to act on the
tumor (10,11). In vitro studies are unable to distinguish
these potential direct and indirect effects. Studies have
reported that increased IR expression in breast cancers is
associated with decreased survival (12). The presence of
phosphorylated IR/IGF-IR in the primary tumor is also
associated with a worse prognosis (12). However, these
studies have not been able to discriminate between IR and
IGF-IR phosphorylation. Additionally, human studies provide
associations, but not mechanistic links between hyper-
insulinemia and breast cancer growth.

In vivo studies demonstrating that hyperinsulinemia
increases tumor growth by acting directly on the tumor IR
are lacking. We previously reported that, in an animal
model, endogenous hyperinsulinemia increases mammary
tumor growth by increasing phosphorylation of the IR/IGF-
IR (9). We have shown that decreasing endogenous insulin
levels and blocking the IR/IGF-IR using a tyrosine kinase
inhibitor decreased tumor growth and metastases (9,13,14).
However, we have not previously demonstrated that the
greater tumor growth in these mice is a result of insulin
acting directly on the IR, rather than through the IGF-IR (9).
Previous studies of exogenous human insulin administra-
tion have not demonstrated an increase in mammary tu-
mor growth in rodents (15,16). However, the insulin analog
AspB10, a rapid-acting insulin analog, has been shown to
increase mammary tumor development in rats (17,18).
AspB10 binds the IR with greater affinity than human in-
sulin and has a slower rate of dissociation from the IR in
vitro, raising the possibility that activation of the IR is
mediating its tumor-promoting effects (19–25).

We hypothesized that hyperinsulinemia increases mam-
mary tumor growth through the direct effects on the IR.
We also hypothesized that chronic activation of the IR in
vivo is capable of promoting tumor growth independently of
IGF-IR activation. For this study, we used the female MKR
mouse, a nonobese mouse model of endogenous hyper-
insulinemia (9). The female MKR mice demonstrate no hy-
perglycemia or dyslipidemia; have normal circulating levels
of cytokines and IGF-I; and have no increase in leptin or
decrease in adiponectin (9,13). Therefore, this animal model
has allowed us to determine the effects of hyperinsulinemia
in isolation from many of the other factors reported to
contribute to breast cancer growth with obesity, T2D, and
the MetS (10).

In this study, we found that in mice with endogenous
hyperinsulinemia orthotopic mammary tumors had IR phos-
phorylation, but not IGF-IR phosphorylation. Additionally,
we report that chronic stimulation of IR phosphorylation,
without increased IGF-IR phosphorylation, enhanced mam-
mary tumor growth in these models. Our findings indi-
cate that, in the setting of endogenous hyperinsulinemia,
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insulin is directly driving tumor growth by acting on the IR,
rather than through indirect effects mediated by IGF-I or
the IGF-IR.

RESEARCH DESIGN AND METHODS

Animals. Animal study protocols were approved by the Mount Sinai School of
Medicine Institutional Animal Care and Use Committee. Mice were housed in
The Mount Sinai School of Medicine Center for Comparative Medicine and
Surgery, an Association for Assessment and Accreditation of Laboratory An-
imal Care International-accredited facility. Mice had a 12-h light/dark cycle, free
access to mouse chow (Picolab rodent diet #5053; LabDiet, St. Louis, MO) and
water. All mice were female, on the FVB/N background, and 8–12 weeks old.
The MKR mice express a human dominant-negative IGF-IR expressed in
skeletal muscle only that forms hybrids with the IR, leading to skeletal muscle
insulin resistance, with subsequent whole-body insulin resistance (26). The
generation and characteristics of the MKR mice have been previously de-
scribed (9,26).
In vitro studies. The MVT1 murine mammary carcinoma cell line was derived
from an explant tumor culture from MMTV-c-Myc/Vegf transgenic mice (27).
Met1 murine mammary tumor cells were derived from MMTV-Polyoma virus
middle T antigen (PyVmT) transgenic mice (28). Met1 and MVT1 cells were
cultured as previously described (9,14). Cells were stimulated with PBS, 10
nmol/L insulin (Humulin R; Eli Lilly, Indianapolis, IN), AspB10 (provided by
Sanofi-Aventis, Frankfurt am Main, Germany), or recombinant human IGF-I
(rhIGF-I) (Ipsen, Brisbane, CA) for 10 min. After treatment, cells were lysed
for protein extraction.
Orthotopic tumor models. Met-1 and MVT1 cells were prepared for injection
as described previously (9,14). A total of 250,000 Met-1 cells or 100,000 MVT1
cells were inoculated into the fourth mammary fat pad of 8–10-week-old fe-
male virgin MKR and WT mice. Mice were treated with rhIGF-I (Ipsen, Bris-
bane, CA) (1 mg/kg, twice daily i.p.), AspB10 (12.5 IU/kg, twice daily s.c.;
provided by Sanofi-Aventis, Frankfurt am Main, Germany), or PBS (vehicle).
Tumor growth was measured in three dimensions using calipers. Tumor vol-
ume was calculated as follows: 4/3 3 p 3 r1 3 r2 3 r3 (r = radius). At the end
of the study, mice were killed; tumors were removed and flash frozen in liquid
nitrogen. Lungs were inflated and fixed with formalin; the number of surface
macrometastases was quantified.
Body weights, composition, blood glucose, insulin, and IGF-I measure-

ment. Body weights were measured weekly. Body composition analysis was
performed using the EchoMRI 3-in-1 nuclear magnetic resonance system (Echo
Medical Systems, Houston, TX), before tumor cell injection and at the end of
treatment. Fed blood glucose measurements were performed on tail vein blood
during tumor studies using a Bayer Contour Glucometer (Bayer Healthcare,
Mishawaka, IN), prior to commencing treatment and weekly thereafter. Plasma
insulin levels were measured at the end of the studies using the Sensitive Rat
Insulin RIA kit (Millipore, St. Charles, MO). Serum IGF-I levels were measured
by radioimmunoassay (ALPCO, Salem, NH).
Insulin tolerance test. MKR mice were fasted for 2 h prior to the insulin
tolerance test, blood glucose was measured from the tail vein using a Bayer
Contour Glucometer at time 0, immediately before PBS, human insulin
(Humulin R; Eli Lilly, Indianapolis, IN), or AspB10 injection, and at 0.5, 1, 2, 4, 7,
and 10 h after injection, at which time the mice were refed.
Protein extraction, Western blot, and immunoprecipitation. Protein ex-
traction and Western blot analysis were performed as previously described
(9,13). The following antibodies were used: anti-phospho-IGF-IRb(Tyr1135/1136)/
IRb(Tyr1150/1151), total IGF-IRb, phospho(Ser473) and total Akt, phospho(Thr202/Tyr204),
and total p44/42 mitogen-activated protein kinase (Erk1/2) (Cell Signaling
Technology, Danvers, MA), total IRb and total IGF-IRb (Santa Cruz Bio-
technology, Santa Cruz, CA), and b-actin (Sigma-Aldrich, St. Louis, MO).
Densitometric analysis was performed using ImageJ V1.44 software (National
Institutes of Health). Immunoprecipitation of the IRb and IGF-IRb were per-
formed using magnetic Dynabeads Protein G (Invitrogen Dynal, Oslo, Norway)
as per the manufacturer’s protocol, with the following modifications: 10 mg
anti-IRb antibody or anti-IGF-IRb was added to 1,000 mg protein lysate, in-
cubated with rotation overnight at 4°C; samples were incubated with the
magnetic beads with rotation for 4 h at 4°C, after which they were washed
with ice-cold Tris buffer (pH 7.4); and antigens were eluted using 33 loading
buffer supplemented with dithiothreitol, boiled at 96°C for 5 min, separated
from the beads on a magnet (DynaMag; Invitrogen Dynal, Oslo, Norway), and
loaded on an 8% Tris-Glycine gel (Novex; Life Technologies, Carlsbad, CA).
The gel was probed for phospho-IGF-IRb(Tyr1135/1136)/IRb(Tyr1150/1151), total IRb,
and total IGF-IRb.
Statistical analysis. Differences between groups were calculated by the two-
tailed Student t test when comparing two groups with equal variance and
a one-way ANOVA with Holm-Sidak post hoc test when comparing more than

two groups, using the statistics software package SPSS Statistics (IBM,
Armonk, NY). P values ,0.05 were considered statistically significant.

RESULTS

Insulin and AspB10 led to IR phosphorylation, while
IGF-I led to IGF-IR/hybrid receptor activation in
vitro. We first aimed to determine whether differences
in IR and IGF-IR phosphorylation could be detected in
two different murine tumor cell lines, with different onco-
genes, in response to insulin, rhIGF-I, and the insulin
analog AspB10. MVT1 and Met1 cells were stimulated
with PBS or 10 nmol/L insulin, AspB10, or IGF-I for 10 min
(Fig. 1A–D). Western blot analysis using the primary
pIGF-IRb(Tyr1135/1136)/pIRb(Tyr1150/1151) antibody suggested
that insulin and AspB10 stimulation led to IRb phosphor-
ylation, observed as a distinct band on the membrane at
95 kDa (Fig. 1A and B) (29). IGF-I stimulation led to phos-
phorylation of the IGF-IRb at 97 kDa, as well as the IRb at
95 kDa (Fig. 1A and B) (29). These findings suggested that
in both MVT1 and Met1 cells, IGF-I–mediated phosphory-
lation of the IGF-IRb and the IRb, and probably the IR/IGF-
IR hybrids. To confirm the Western blot findings, we per-
formed immunoprecipitation of the IRb and IGF-IRb from
the Met1 cell lysates. We found that insulin and AspB10
were indeed phosphorylating the IRb, but not the IGF-IRb
(Fig. 1E–H), whereas IGF-I stimulation led to phosphory-
lation of the IGF-IRb and probable IGF-IR/IR hybrids (Fig.
1E–H). Incidentally, we noted that AspB10 stimulation led
to greater IRb phosphorylation than insulin in Met1 cells
(Fig. 1D). These results show that it is possible to distin-
guish differences in IRb and IGF-IRb phosphorylation in
response to insulin, IGF-I, and AspB10 by Western blot as
confirmed by immunoprecipitation in Met1 and MVT1 cell
lines in vitro.
Endogenous hyperinsulinemia and exogenous rhIGF-I
increase the growth of Met1 and MVT1 tumors. We
have previously shown that MKR mice with endogenous
hyperinsulinemia develop larger primary tumors and more
metastases than WT mice using a variety of orthotopic and
transgenic tumor models with different oncogenes (9,14).
We aimed to determine whether endogenous hyperin-
sulinemia stimulated Met1 and MVT1 tumor growth by
acting directly on the IR in vivo or by indirect mechanisms,
namely through phosphorylation of the IGF-IRb. To assess
the effect of endogenous hyperinsulinemia on tumor growth
and receptor phosphorylation, compared with rhIGF-I in
vivo, we studied Met1 and MVT1 tumors from WT mice
and MKR mice treated with rhIGF-I or vehicle. WT and
MKR mice were orthotopically injected with 100,000 MVT1
or 250,000 Met1 tumor cells. Consistent with our previous
studies, MKR mice developed larger MVT1 and Met1
tumors than WT mice (Fig. 2A and B). MVT1 and Met1
tumors were then induced in MKR mice, and when tumors
were measurable, the MKR mice were divided into two
groups with equal mean tumor size. From that time, rhIGF-I
(1 mg/kg, twice daily i.p.) or vehicle was administered for
2 weeks. Serum IGF-I levels were measured 2 h after in-
jection at the end of the study and were 2.6 times higher in
the rhIGF-I–treated mice (806 6 59.05 ng/mL) than vehicle-
treated mice (3026 8.75 ng/mL, P, 0.05) (Fig. 2C). rhIGF-
I–treated MKR mice developed significantly larger tumors
than the vehicle-treated MKR mice (Fig. 2D and E). Re-
peated studies demonstrated a nonsignificant increase in the
number of MVT1-derived pulmonary macrometastases in
the rhIGF-I–treated group compared with the MKR vehicle-
treated group (Fig. 2F). Western blot analysis of tumor
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lysates demonstrated that rhIGF-I treatment led to phos-
phorylation of the IGF-IRb at 97 kDa, and of IRb at 95 kDa,
in both Met1 and MVT1 tumors (Fig. 2G and I). In contrast,
tumors from vehicle-treated MKR mice had only IRb
phosphorylation at 95 kDa (Fig. 2G–I). These results sug-
gest that endogenous hyperinsulinemia increases mammary
tumor growth by directly acting on the IR of the tumors and
not by indirectly increasing IGF-IR phosphorylation. IGF-I
in contrast leads to phosphorylation of the IGF-IRb and IRb,
most likely through IGF-IR/IR hybrid receptors.
Chronic administration of the insulin analog AspB10
increased Met1 and MVT1 tumor growth. Our in vitro
studies had shown that AspB10 increased IRb phosphor-
ylation in both Met1 and MVT1 cells, without increasing
IGF-IRb phosphorylation (Fig. 1A–H). Therefore, to in-
vestigate whether IR activation could truly increase tumor
growth independently of IGF-IR activation, we used the
insulin analog AspB10 to chronically activate the IR of the
tumors in vivo. After orthotopic injection with MVT1 or
Met1 tumor cells, mice were treated with AspB10 (12.5 IU/kg,
twice daily s.c.) or vehicle for ;2 weeks after the tumors

became measurable. AspB10 treatment led to a significant
increase in the size of both MVT1 and Met1 tumors (Fig. 3A
and B). The increased average number of surface pulmo-
nary macrometastases in the AspB10-treated group did not
reach statistical significance (Fig. 3C). AspB10 treatment
significantly increased plasma insulin concentrations to
70.2 6 21.2 mg/L, compared with vehicle-treated mice
(1.08 6 0.3 mg/L, P , 0.05), when measured 2 h after
insulin or vehicle injection. An insulin tolerance test
revealed that AspB10 (12.5 units/kg s.c.) led to a reduction
in blood glucose levels, similar to those for human insulin,
from 30 min to 4 h after injection that reached a nadir
(43.9 6 6.1% baseline) 2 h after injection (Fig. 3D). No dif-
ferences in body weight were observed between the
AspB10- and vehicle-treated groups before or after 2 weeks
of treatment (Fig. 3E). Although overall body weight was
not different between the treatment groups, both vehicle-
and AspB10-treated mice showed a relative loss of lean
mass and a relative gain in fat mass; however, the change in
lean and fat mass did not differ between the vehicle- and
AspB10-treated groups (Fig. 3F and G).

FIG. 1. Insulin and AspB10 led to IR phosphorylation but not IGF-IR phosphorylation in vitro. MVT1 and Met1 cells were stimulated with 10 nmol/L
insulin (Ins), the insulin analog AspB10 (AspB10), rhIGF-I (IGF-I), or PBS. Western blot (WB) analysis of protein lysates (from MVT1 cells, A;
from Met1 cells, B) and densitometry (from MVT1 cells, C; and from Met1 cells, D) demonstrated that insulin and AspB10 led to phosphorylation of the
IRb(Tyr 1150/1151)

at 95 kDa, whereas IGF-I stimulation led to phosphorylation of the IGF-IRb(Tyr 1135/1136)
at 97 kDa and the IRb(Tyr 1150/1151)

at
95 kDa, most likely through hybrid receptor phosphorylation (A and B). Immunoprecipitation (IP) of the IR in Met1 cell lysates after in vitro stim-
ulation with PBS, 10 nmol/L Ins, IGF-I, or AspB10 confirmed that insulin and AspB10 caused phosphorylation of the IRb(Tyr 1150/1151), whereas IGF-I led
to IGF-IRb(Tyr 1135/1136) and IRb(Tyr 1150/1151) receptor phosphorylation, the latter likely through IR and hybrid receptor (E and F) with densitometry
(G and H). Representative blots from experiments are shown. All experiments were performed two to three times. Bar graphs display means and
SEM. *PBS group significantly lower than all other groups, P < 0.05; #IGF-I group significantly higher than all other groups, P < 0.05; &AspB10 group
significantly higher than human insulin group, P < 0.05; FIGF-I group significantly higher than human insulin group, P < 0.05; T�human insulin group
significantly greater than PBS, P < 0.05; ¶AspB10 significantly greater than PBS, P < 0.05; ‡IGF-I group greater than PBS, P = 0.05. p, phosphorylated.
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Endogenous hyperinsulinemia and AspB10 increased
mammary tumor growth by directly activating the IR,
but not the IGF-IR. To ascertain whether AspB10 stim-
ulated tumor growth in vivo by acting directly on the IR,
we examined IRb and IGF-IRb phosphorylation in Met1
and MVT1 tumors after 2 weeks of AspB10 or vehicle
treatment. Western blot analysis of the tumor lysates
revealed that AspB10 treatment led to phosphorylation of
the IRb, but not the IGF-IRb, in both MVT1 and Met1
tumors (Fig. 4A–D). To confirm these findings, the tumor
lysates of MVT1 and Met1 tumors from WT mice, vehicle-
treated MKR mice, IGF-I–treated MKR mice, and AspB10-
treated MKR mice were subjected to immunoprecipitation
of the IRb and the IGF-IRb, and were immunoblotted for
the phosphorylated IGF-IRb/IRb. Tumors from vehicle-
treated MKR mice demonstrated 1.38 6 0.17-fold in-
creased phosphorylation of the IRb compared with tumors
from WT mice (Fig. 4E), but no increase in IGF-IRb
phosphorylation was seen in the vehicle-treated MKR mice
(Fig. 4F). Similarly, by immunoprecipitation AspB10
treatment led to 1.81 6 0.17-fold increased phosphoryla-
tion of the IRb compared with WT mice (Fig. 4E), but not
the IGF-IRb (Fig. 4F). In contrast, rhIGF-I administration
led to phosphorylation of both the IGF-IRb and IRb (Fig.
4E and F). Taken together, these data demonstrate that

endogenous hyperinsulinemia directly increases tumor
growth by acting on the IR of the tumors, but not the IGF-IR
and that stimulating the IR, independently of the IGF-IR,
further exacerbates tumor growth.
AspB10-induced IR phosphorylation and rhIGF-I-
induced IGF-IR/hybrid receptor phosphorylation led
to increased Akt phosphorylation in tumors. In order
to examine whether differences in receptor activation in vivo
led to differences in downstream signaling, we examined Akt
and Erk1/2 phosphorylation in the two tumor types from
mice treated with AspB10 or IGF-I. Despite the differences in
receptor phosphorylation resulting from AspB10 and rhIGF-I
administration, increased Akt phosphorylation was observed
in MVT1 tumors after treatment with both AspB10 and rhIGF-I
(Fig. 5A–D), although a greater fold change was observed in
the rhIGF-I–treated group. In Met1 tumors, a 2.5-fold increase
in Akt phosphorylation after rhIGF-I treatment (P, 0.05) and
a 15% increase after AspB10 treatment, which did not reach
statistical significance, were observed. No increase in Erk1/2
phosphorylation was found in MVT1 or Met1 tumors after
either rhIGF-I or AspB10 treatment (Fig. 5A and B). These
results show that, in tumors with certain oncogenes, despite
differences in IR and IGF-IR activation, both rhIGF-I and
AspB10 led to activation of the Akt signaling, rather than
mitogen-activated protein kinase signaling.

FIG. 2. IGF-I increased orthotopic MVT1 and Met1 tumor growth in the hyperinsulinemic MKR mice by increasing IGF-IR phosphorylation. WT and
MKR mice were injected with tumor cells on Day 0. MKR mice developed larger MVT1 and Met1 tumors than WT mice (A and B). MVT1 and Met1
tumor cells were orthotopically injected into MKR mice, mice were divided into two groups with equal mean tumor size, and mice were admin-
istered either rhIGF-I or vehicle (vertical arrow indicates time when treatment began). Administration of rhIGF-I led to a further stimulation in
tumor growth, over endogenous hyperinsulinemia (D and E). Serum IGF-I concentration in the rhIGF-I treatment group was 2.6 times that of the
control group (C). The greater mean number of pulmonary macrometastases in the mice treated with rhIGF-I did not reach statistical significance,
compared with vehicle-treated MKR mice (F). Western blot analysis of tumor lysates demonstrated that MKR mice with endogenous hyper-
insulinemia (MKR V) show IRb phosphorylation at 95 kDa, and rhIGF-I treatment led to increased IGF-IRb and IRb or hybrid receptor phos-
phorylation in MVT1 and Met1 tumors (G–J). Representative images from three repeated experiments of tumor volume and Western blots are
displayed. The graphs represent the average for each group; error bars indicate SEM (A–F, H, and I). Statistical analysis was performed using
a two-tailed t test; *indicates statistically significant differences (P < 0.05) between the groups. n = 8–11 mice per group. p, phosphorylated.
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DISCUSSION

In this study, we aimed to establish whether endogenous
hyperinsulinemia increases mammary tumor growth by
directly acting on the IR, rather than through direct or in-
direct activation of the IGF-IR (9). Additionally, we aimed to
determine whether chronic stimulation of the IR increased
mammary tumor growth in the absence of IGF-IR phos-
phorylation. Our results demonstrate that endogenous hy-
perinsulinemia increases mammary tumor growth by acting
directly on the IR. We observed no increase in IGF-IR
phosphorylation in tumors from mice with endogenous
hyperinsulinemia. Furthermore, we demonstrate that chronic
stimulation of the IR, without IGF-IR activation, is capable
of driving orthotopic mammary tumor growth in vivo.

Our findings add to the understanding of the link among
obesity, T2D, the MetS, and breast cancer. Chronic en-
dogenous hyperinsulinemia has been reported as a major
factor linking these conditions (4,6–8,10). Our previous
studies have demonstrated that MKR mice with endoge-
nous hyperinsulinemia develop increased transgenic and
orthotopic mammary tumor growth and metastases, with
increased IGF-IRb/IRb phosphorylation, compared with
tumors from WT mice (9,14). Lowering insulin levels or
blocking IGF-IRb/IRb phosphorylation reduced tumor
growth (9,13,14). It has been a matter of debate whether
endogenous hyperinsulinemia in vivo has direct effects on the
breast cancer IR, or whether endogenous hyperinsulinemia
increases tumor growth by increasing the availability of
local IGF-I to bind to and activate the IGF-IR. Our findings

are important, because in women with hyperinsulinemia,
increased activation of the IR, rather than the IGF-IR, may
be responsible for promoting tumor growth. Increased IR
signaling may also be responsible for the increase in breast
cancer risk and mortality in women with T2D, the MetS,
and obesity, conditions associated with insulin resistance
and hyperinsulinemia.

Our study is the first study demonstrating that IR acti-
vation, independent of IGF-IR activation, increases tumor
growth in vivo.

Previous in vitro studies on breast cancer cell lines have
shown that insulin stimulation increases IR phosphoryla-
tion and cell proliferation (14,30,31), suggesting that a di-
rect effect of insulin on the IR is responsible for increasing
tumor growth. Studies in human cancers have not been
able to distinguish between IR and IGF-IR phosphorylation
in breast cancer specimens (12). Although there are cor-
relations between high levels of IR expression in human
breast cancer specimens and poor prognosis, these studies
have not shown that IR signaling increases breast cancer
growth (12). Our findings are consistent with the studies
by Zhang et al. (32), who reported that knocking down the
IR in tumor cell lines reduced tumor growth and metas-
tasis in vivo. It has been reported that IR signaling com-
pensates when IGF-IR is downregulated in breast cancer
cell lines (33). Establishing that IR activation is capable of
driving tumor growth is important, because cancer thera-
pies targeting the IGF-IR have been less effective than
expected, possibly because of compensatory IR signaling

FIG. 3. Chronic activation of the IR by the insulin analog AspB10 increased orthotopic Met1 and MVT1 tumor growth. MKR mice were injected
with MVT1 or Met1 tumor cells on Day 0. Treatment was started with AspB10 (12.5 IU/kg, twice daily s.c.) or vehicle, indicated by vertical arrow
(A and B). AspB10 led to increased growth of both MVT1 and Met1 tumors (A and B). The number of pulmonary macrometastases showed
a nonsignificant increase in the AspB10-treated group (C). An insulin tolerance test was performed with AspB10 (12.5 IU/kg s.c.), regular
human insulin (12.5 IU/kg s.c.), and PBS (vehicle). Blood glucose was measured at 0.5, 1, 2, 4, 7, and 10 h after injection (D). Statistical analysis
was performed using a one-way ANOVA for comparing more than two groups: #P < 0.05 between PBS and AspB10 and human insulin groups; &P <
0.05 between PBS- and AspB10-treated groups; n = 4 per group. #PBS group was significantly greater than other groups, P < 0.05; &PBS group was
significantly higher than AspB10 group, P < 0.05. No change in body weight (E) or difference in relative lean or fat mass (F and G) was observed
after 2 weeks of AspB10 administration. Graphs are representative of two studies. All graphs show the mean for each group, and error bars
represent the SEM. Statistical analysis was performed using two-tailed t test. *P < 0.05 between groups. n = 9–11 mice per group. MKR V, MKR
mice with endogenous hyperinsulinemia.
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(34). Additionally, we found that rhIGF-I administration led
to phosphorylation of the IGF-IR, IR, and probably hybrid
receptors, as previously reported in in vitro studies (30).
Therefore, it appears plausible that the IR is capable of
driving tumor growth if the IGF-IR is selectively inhibited.

We used the insulin analog AspB10 to determine
whether increased activation of the IR is capable of driving
tumor growth, because it has previously been shown to
induce spontaneous mammary tumors in rats (17) and
our in vitro studies demonstrated increased IR phosphor-
ylation after AspB10 stimulation. Some in vitro studies
have reported increased IR phosphorylation after AspB10
stimulation (22), although others have reported that
AspB10 stimulates cell proliferation by acting through the
IR and IGF-IR (20). These in vitro studies found signifi-
cantly greater IGF-IR phosphorylation compared with hu-
man insulin when using concentrations of AspB10 that
were 10 times higher than those used in our studies (20).
At concentrations of 10 nmol/L, IGF-IR phosphorylation
was comparable to that seen in response to human insulin
in MCF7 cells (20), findings consistent those from 5 nmol/L
insulin or AspB10 stimulation in mouse embryonic fibro-
blasts (19). Differences between in vitro and in vivo po-
tency of AspB10 have been previously described (35) and
highlight the need for caution when interpreting the results
of in vitro studies. In vivo studies have not previously
demonstrated whether AspB10 exerts its mitogenic effects
through the IR or IGF-IR (21,25). Understanding the mech-
anism through which AspB10 promotes tumor growth is
important for the development of new insulin analogs to
ensure they are not mitogenic. While AspB10 increases
mammary tumor growth in the dose range used in our

study, no increase in rodent tumor growth with similar
doses of human insulin has been found; this may be due to
differences in IR affinity or dissociation rates between hu-
man insulin and AspB10, as previously described by others
in in vitro studies (22).

Consistent with the findings of previous studies (19,21),
we found increased phosphorylation of Akt in the MVT1
and Met1 tumors from hyperinsulinemic MKR mice after
chronic treatment with AspB10 and rhIGF-I. Erk1/2 phos-
phorylation was not increased after treatment with AspB10
or IGF-I in either Met1 or MVT1 tumors. Previous studies
have reported increased Erk1/2 phosphorylation in myo-
blasts and cardiomyocytes in response to AspB10 (36), and
in multiple cell lines in response to rhIGF-I. Our previous
studies found no increase in Erk1/2 phosphorylation in
MVT1 tumors in the setting of endogenous hyperinsulinemia,
and no increase in Erk phosphorylation in response to
insulin in vitro (14). Our in vitro studies found that MVT1
cells (expressing the c-myc/vegf oncogene) have consti-
tutively active Erk. While Erk phosphorylation is known to
lead to increased c-myc expression, some recent studies
report feedback interactions between c-myc and Erk in
different cell types, although the mechanism through
which this feedback may occur in MVT1 cells has not been
elucidated (37–40).

Our previous studies have demonstrated that the MKR
mice develop more numerous pulmonary metastases after
orthotopic and intravenous tumor cell injection (14). Ad-
ditionally, rhIGF-I increased metastases from colon cancer
orthografts in our previous studies (41).

In this study, the difference in the number of metastases
seen after treatment with rhIGF-I or AspB10 showed an

FIG. 4. Endogenous hyperinsulinemia and AspB10 treatment led to increased IR phosphorylation in MVT1 and Met1 tumors. Western blot (WB)
analysis (representative blots, A and B) revealed that chronic AspB10 treatment led to increased IRb phosphorylation at 95 kDa (C and D).
Immunoprecipitation (IP) of the IRb (representative blot, E) and IGF-IRb (representative blot, F) was performed on MVT1 and Met1 tumor
protein lysates. They were immunoblotted for the phosphorylated IGF-IRb/IRb. Endogenous hyperinsulinemia (MKR V) and chronic AspB10 ad-
ministration (MKR AspB10) led to increased IR phosphorylation (E). rhIGF-I administration led to increased IGF-IRb and IRb phosphorylation (E
and F). Graphs are representative of two studies. All graphs show the mean for each group, and error bars represent the SEM. Statistical analysis
was performed using two-tailed t test. *P value < 0.05 between groups. n = 9–11 mice per group. p, phosphorylated; MKR V, MKR mice with en-
dogenous hyperinsulinemia.
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increase that did not reach statistical significance; how-
ever, our study was underpowered to detect a difference in
the number of pulmonary metastases.

We did not address the issue of which IR isoform is
driving tumor growth in the setting of hyperinsulinemia or
AspB10 administration. Two isoforms of the IR exist: IR-A,
in which exon 11 is spliced; and IR-B, which contains exon
11 (42). IR-A is preferentially expressed in fetal tissues and
certain tumors (42). Different signaling pathways may be
activated by insulin stimulation of IR-A and IR-B in different
tissue (43–45). Furthermore, activation of IR-A by different
ligands (insulin or IGF-II) leads to the differential signaling
effects (42). Many breast cancers express higher levels of
IR-A than IR-B, and therefore increased binding of insulin to
IR-A is hypothesized to drive tumor growth and resistance to
chemotherapeutic agents (44,46). It was hypothesized that
AspB10 has a higher affinity for IR-A than IR-B, but recent
studies demonstrate that AspB10 has a similar affinity for
IR-A and IR-B (19). In the same study, in cells expressing the
IR-A isoform, AspB10 led to more cell transformation than
human insulin (19). Therefore, the transformational effects
of AspB10 may be more pronounced in mammary tumors
where the IR-A:IR-B ratio is increased. Future in vivo studies
should establish whether activation of IR-A or IR-B signaling
is responsible for increasing tumor growth.

Overall, the MKR mouse has provided us a unique op-
portunity to study the effects of endogenous hyperin-
sulinemia on mammary tumor growth in the absence of
other confounding factors. The results of our study show
that in the setting of endogenous hyperinsulinemia, in-
sulin causes IR, but not IGF-IR, phosphorylation. Our study

demonstrates for the first time, that direct stimulation of the
IR, without IGF-IR activation, increases orthotopic mam-
mary tumor growth. Therefore, in women with endogenous
hyperinsulinemia, stimulation of the IR in breast tumors
may increase tumor growth and metastases. This finding is
an important consideration for the development of tailored
treatments for women with obesity, T2D, the MetS, or en-
dogenous hyperinsulinemia who develop breast cancer.
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