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Abstract

Epidemiological studies have reported an increased risk of cancer in those with type 2 diabetes
(T2DM) and obesity, related in part to hyperinsulinemia, secondary to insulin resistance.
Hyperinsulinemia leads to increased insulin-like growth factor-1 (IGF-I) expression. In fact,
increased insulin, IGF-1 and IGF-I1 levels are associated with tumor growth in vitro, in animal models
and in epidemiological studies in humans. Herein, we discuss insulin, IGF-1 and IGF-II, their
interaction with the insulin receptor (IR) and IGF-I receptor (IGF-IR), and their signaling pathways
and regulation as it pertains to tumor growth. We explain how these pathways have been deciphered
by in vitro and in vivo studies and how they are being exploited in the development of targeted cancer

therapies.

The Association between Diabetes and Cancer

Cancer is currently a leading cause of death worldwide and in the United States, is second only
to heart disease (www.who.int, www.cdc.gov). Epidemiological studies have shown an
increased risk of cancer in those with diabetes, specifically liver, colorectal, pancreatic, breast,
endometrial and kidney cancer, as well as multiple myeloma [1]. Obesity has also been linked
to an increased risk of cancer. The results of the Cancer Prevention Study suggest that 14% of
cancer deaths in men and 20% in women can be attributed to obesity [2]. In the United States,
33.8% of the population is obese and almost 8% have diabetes; furthermore, the World Health
Organization predicts that over 300 million people worldwide will have diabetes by 2030,
emphasizing that this increased risk of cancer is of great concern [3]. Moreover, recent
epidemiological studies suggested a link between cancer and the use of exogenous insulin
therapy, as well as insulin secretagogues, bringing this issue into the public arena [4,5]. The
link between obesity, type 2 diabetes (T2DM) and cancer may be related in part to
hyperinsulinemia secondary to insulin resistance, as well as increased levels of insulin-like
growth factor-1 (IGF-I). In vitro and in vivo studies have focused on understanding the
mechanistic links between increased circulating levels of insulin, IGF-1 and cancer, unraveling
the insulin and IGF-I signaling pathways, and facilitating the development of novel cancer
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therapies that target specific points in these pathways. Many of these agents are undergoing
preclinical testing and some have entered early phase clinical trials. In this review, we discuss
insulin, IGF-I and IGF-I1 signaling as it relates to cancer development and describe the animal
models that have deciphered this relationship and led to the development of new targeted anti-
cancer therapies.

Insulin, Insulin-Like Growth Factors and Cancer

Insulin and Cancer

The administration of insulin was first reported in the 1970s to induce growth of mammary
tumors in mice, and subsequent studies showed that exogenous insulin promoted colonic
abnormalities in rats [6,7]. As hyperinsulinemia is seen in obesity and early T2DM in the setting
of insulin resistance, animal models of insulin resistance were studied to investigate whether
endogenous insulin would also induce tumor growth. Insulin resistance, induced in rats fed a
high fat diet, correlated with a greater number of colonic abnormalities, compared to those
observed in more insulin sensitive rats [8]. Similarly, in mice, inducing obesity and insulin
resistance increased the growth of transplanted lung and colon cancer cells, associated with
higher levels of insulin and IGF-I [9]. Therefore, in rodents both exogenous and endogenous
insulin induced tumor growth. These observations incited further questions. It was unclear if
tumor growth was due to a direct effect on insulin receptor (IR) signaling or if it was that insulin
induced IGF-1 receptor (IGF-IR) signaling which led to cancer growth. It also remained to be
determined if these observations were relevant to humans and could explain the association
between diabetes and cancer.

Epidemiological studies investigated the association between insulin and the risk of certain
cancers in humans without diabetes. The Women’s Health Initiative (WHI) study demonstrated
that individuals with higher insulin levels were more likely to develop colorectal and
endometrial cancer [10,11]. C-peptide levels were also correlated with greater risk of
developing colorectal and endometrial cancer, in addition to a greater risk of mortality from
prostate cancer, in the Physicians’ Health Study and European Prospective Investigation into
Cancer and Nutrition (EPIC) [12-15]. The results of breast cancer studies have varied, with
the EPIC and WHI studies reporting a greater risk of breast cancer amongst postmenopausal
women with higher C-peptide and insulin levels, respectively [16,17]. The Nurses’ Health
Study however, reported no association with either insulin or C-peptide levels in pre-
menopausal women [18]. These divergent results may be partly explained by the differences
in breast cancer hormone receptor status, the effects of hyperinsulinemia on bioavailable
estrogens and androgens, and variations in screening and self reporting of breast cancer
diagnosis in epidemiological studies. In pre-menopausal women, hyperinsulinemia can
stimulate ovarian androgen synthesis and decrease hepatic production of sex hormone binding
globulin (SHBG), leading to increased levels of bioavailable androgens and lower progesterone
levels [19,20]. In contrast, in post-menopausal women, adipose tissue is the main source of
estrogens through aromatization of adrenal androgens. With obesity and hyperinsulinemia,
there is increased aromatization of androgens and decreased production of SHBG, leading to
increased levels of bioavailable estrogen [19]. Breast cancer cells may overexpress the IR, and
animal studies have demonstrated that estrogen enhances IGF-I signaling in breast cancer cells
[21,22]. Postmenopausal women are more likely to have estrogen receptor and progesterone
receptor positive breast cancer and so the effect of hyperinsulinemia on hormone levels may
partly explain the epidemiological study results showing increased postmenopausal breast
cancer risk correlating with insulin and C-peptide levels [23].

Observational studies recently reported an increased risk of cancer in patients with T2DM
taking insulin or sulfonylureas, compared to those taking metformin. However, whether these
results represent an increased risk with insulin and secretagogues, or a protective effect from
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metformin remains a matter of debate [5,24]. A combination of both factors is likely. The
chronic administration of large doses of insulin to insulin resistant individuals may potentially
stimulate cell proliferation by signaling through the IR and IGF-I receptor (IGF-IR), similar
to exogenous insulin administration in animals. However, the studies that described the
association between insulin, oral hypoglycemic agents and cancer were cohort and case control
studies with significant risk of selection bias, so prospective studies controlling for
confounding factors are needed to investigate this association further in humans. Evidence
from in vitro studies suggest that metformin attenuates tumor growth through its activation of
AMP kinase (AMPK) and by decreasing insulin levels [25,26]. Metformin is currently being
studied in non diabetic women as adjuvant therapy in breast cancer (NCT01101438). Studying
animal models of diabetes and cancer may reveal whether metformin protects against breast
cancer in diabetic patients.

IGF-1 and Cancer

In hyperinsulinemic states, higher insulin levels in the portal circulation upregulate the growth
hormone receptor (GHR) and augment GHR signaling, increasing hepatic IGF-I production
[27]. Higher IGF-I levels have been correlated with an increased risk of colorectal, pre-
menopausal breast and prostate cancer, in prospective epidemiological studies and meta-
analyses [28,29]. In the Rancho Bernardo Study, after 18 years of follow up, men with baseline
IGF-1 levels of >100ng/ml had a risk of cancer mortality of 1.82 compared to those with lower
levels; those with IGF-1 levels of >200ng/ml had a risk of 2.61 [30]. Therefore, higher IGF-I
levels in humans are associated with increased risk of certain cancers. This implies that
individuals with hyperinsulinemia may develop tumors due to increased hepatic production of
IGF-1. Animal models have corroborated the link between IGF-1 and cancer growth. IGF-I
deficiency, induced by caloric restriction in p53 deficient mice, decreased bladder tumor
growth. Similarly, transgenic mice with liver specific IGF-I deficiency (LID) had decreased
growth and metastasis of transplanted colonic adenocarcinomas, and mammary tumors,
induced either by the carcinogen 7, 12-dimethybenz(a)anthracene or by crossing the LID mice
with C3(1)/SV40 large T-antigen transgenic mice [31-33]. In both p53 deficient mice with
bladder tumors and L1D mice with colonic adenocarcinomas, administration of IGF-I reversed
the protective effect of IGF-I deficiency on tumor growth [31,33]. IGF-1 not only increased
tumor growth, but also increased expression of vascular endothelial growth factor (VEGF) and
led to the development of neovascularization and metastases in the L1D model of colon cancer
[31,33]. IGF-I prevented apoptosis by inhibiting p53 and led to angiogenesis by inducing
hypoxia-inducible factor 1o (HIF1a), which is involved in the expression of VEGF [34,35].
In addition, metastatic tumor spread, induced by IGF-I, may be related to the relocation of
integrins to the edge of migrating cells and the extension of lamellipodia, as demonstrated in
colon cancer and neuroblastoma cells [36,37]. Hence, hyperinsulinemia can increase
circulating levels of IGF-1, which in turn can induce tumor growth and metastasis. Additionally,
prostate cancer cells in Noble rats with hormone sensitive prostate cancer, have been shown
to upregulate their intrinsic production of IGF-I, suggesting that malignant cells may not only
rely on circulating IGF-I levels, but may also be able to regulate their own growth through
IGF-1 production [38].

IGF-1l and Cancer

In addition to the growth promoting effects of insulin and IGF-I, IGF-11 overexpression is also
associated with tumor development. IGF-I1 is produced in the liver and many other tissues in
adult humans, while in rats, IGF-11 expression decreases in postnatal life and is only expressed
to a significant degree in the adult rat brain [39]. IGF-II expression is controlled by genetic

imprinting, i.e, it is normally only expressed on the paternal chromosome under the control of
the differentially methylated region (DMR) associated with the H19 gene, located upstream

on chromosome 11. When DMR is methylated, IGF-I1 is expressed. Loss of imprinting (LOI)
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IGF Binding

results from methylation of the DMR on the maternal allele, leading to overexpression of IGF-
I1, as seen in many tumors [40]. In mouse models of colon cancer, overexpression of IGF-II
led to increased tumor development in the presence of the adenomatous polyposis coli (APC)
gene mutation [41]. This effect was shown to be due, not only to the increased IGF-11
expression, but also to enhanced sensitivity to IGF-I1 signaling with increased expression of
proliferation-related genes [42]. IGF-11 signaling occurs through the IR (in particular the IR-
A subtype that is more mitogenic than metabolic) and the IGF-IR, as discussed next.

Proteins

IGF-1and IGF-I1 (but not insulin) circulate bound to insulin like growth factor binding proteins
(IGFBPs), of which there are 6, named IGFBP-1 to IGFBP-6, with IGFBP-3 the most
predominant. These binding proteins increase the circulating half-lives of IGF-1 and IGF-11 by
protecting them from degradation; while IGFBPs may be important for delivery of IGFs to the
target tissue, they may also reduce their availability for receptor binding [43]. IGFBP-2
overexpression has been observed in breast cancer cell lines [44]. SNPs in the 3’ region of the
IGFBP-2 gene have been found in genome wide association studies in women with estrogen
receptor (ER) positive breast cancer and in women carrying the breast cancer associated
mutation, BRCA2 [45-47]. Studies in MCF-7 breast cancer cells show that IGFBP-2
suppressed the tumor suppressor phosphatase and tensin homolog deleted on chromosome 10
(PTEN) [44]. PTEN regulates phosphatidyinositol 3-kinase (P13K) signaling and IGF-11
signaling and inhibits protein synthesis and cell cycle progression [48,49]. IGFBP-2
overexpression may therefore promote tumor growth by enhancing IGF-I1 signaling and
inhibiting the tumor suppressing effects of PTEN.

IGFBP-3 is believed to be protective from cancer development, as demonstrated in vitro and
in mouse models of prostate cancer (LBP-Tag mice) overexpressing IGFBP-3 [50]. This
protective effect may be due to its binding of IGF-1 and IGF-II, preventing their interaction
with the IGF-IR and decreasing their signaling, resulting in cell cycle arrest and upregulation
of apoptotic signals [43]. IGFBP-3 is upregulated by p53 and may induce apoptosis through
p53 dependent mechanisms. Additionally, IGFBP-3 may have p53 independent interactions
with pro and anti-apoptotic members of the Bcl-2 family of proteins [51,52]. IGFBP-3 interacts
with the nuclear retinoid X receptor (RXR)-a, altering its binding to the transcription factor
Nur77, activating the apoptosis cascade [44)]. A cell surface IGFBP-3 receptor has recently
been identified that also appears to mediate the apoptotic effects of IGFBP-3 through caspase-8
[53]. Despite the results of in vitro and animal studies demonstrating a possible protective effect
of IGFBP-3, the association of lower serum IGFBP-3 levels with increased cancer risk in
humans has had inconsistent results [28,29,54]. One of the factors thought to contribute to
differing results in these epidemiological studies is the variability of the IGFBP-3 assay [55].
IGFBP-3 levels are increased in the presence of GH excess and decreased in GH deficiency
[56]. Hyperinsulinemia and increased IGF-I levels can reduce GH levels and therefore lead to
decreased IGFBP-3. As IGFBP-3 is the most abundant of the IGFBPs, decreased IGFBP-3
may lead to increased levels of free IGF-I in addition to decreased direct activity of IGFBP-3
on cells.

Decreased IGFBP-1 levels were found in female MKR mice (a non obese hyperinsulinemic
mouse model) with polyoma virus middle T antigen (PyVmT) induced breast cancer, compared
to wild-type mice [57]. In mice with MCF-7 breast cancer xenografts, IGFBP-1 inhibits breast
cancer cell growth; IGFBP-1 also inhibited hepatocellular cancer growth in mice
overexpressing IGF-1 and IGF-11 [58,59]. Again, epidemiological studies have been
inconsistent regarding IGFBP-1 levels and cancer risk [28]. Hepatic IGFBP-1 expression is
decreased by insulin and therefore, hyperinsulinemia may lead to decreased IGFBP-1 and
contribute to increased tumor growth [60]. Ongoing studies are investigating the degree to

Trends Endocrinol Metab. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gallagher and LeRoith Page 5

which different IGFBPs affect tumor growth, as well as their IGF dependent and independent
mechanisms, and how their activity is altered in hyperinsulinemia and T2DM.

Insulin Receptor, IGF-1 Receptor and Signaling

The mechanisms by which increased levels of insulin, IGF-1 and IGF-I1 promote cancer growth
has been revealed by examining their interaction with the IR and IGF-IR and subsequent
signaling pathways.

The Insulin and IGF-I Receptors

Insulin signals through the IR, of which there are 2 isoforms, IR-A and IR-B, formed by the
absence or presence of exon 11, respectively. IGF-II can interact with IR-A, and primarily
mediates proliferative effects through this receptor and IGF-IR. Compared with insulin binding
to IR-A, binding of IGF-11 to IR-A results in the expression of different genes, as well as a
temporal separation in gene expression from that occurring after insulin binding [61]. IR-A
expression has been demonstrated in fetal cells and many tumor cells, and signaling through
IR-A results in more mitogenic effects than IR-B signaling, which activates the metabolic
signaling pathway [62]. Hyperinsulinemia therefore can activate signaling pathways that lead
to both metabolic and mitogenic effects. Overexpression of IGF-11 in tumor cells can also lead
to increased mitogenic signaling through IR-A [63]. IGF-I primarily signals through the IGF-
IR, and mediates mitogenic effects. Additionally, IGF-11I can bind to the IGF-IR. Cells that
express the IR and IGF-IR can also express hybrid receptors, made of the o, and g subunit of
an IR (IR-A or IR-B) bound to the a and B subunit of the IGF-IR (Figure 1). IGF-I can bind to
either of these hybrid receptors, while IGF-11 binds only to the IGF-IR/IR-A hybrid, and insulin
has negligible affinity for either [64]. Increased expression of IR-A in tumors therefore allows
for the increased formation of IGF-IR/IR-A hybrid receptors in tumors, permitting mitogenic
signaling by IGF-I and IGF-II through the hybrid receptor or insulin and IGF-11 through IR-
A. So, hyperinsulinemia, increased IGF-1 or IGF-II can augment tumor growth by signaling
through these receptors.

The IR and IGF-IR Signaling Pathways and Tumor Development

Binding of insulin, IGF-I or IGF-11 to the extracellular portion of the IR, IGF-IR or hybrid
receptor leads to autophosphorylation of the B subunit tyrosine kinase, followed by the
phosphorylation of additional tyrosine residues. This leads to recruitment of insulin receptor
substrates (IRS) 1-4 and other proteins allowing for activation of the PI3K and mitogen
activated protein kinase (MAPK) signaling pathways. These pathways are outlined in Figure
2.

The activity of PI3K is regulated by the tumor suppressor gene PTEN. PTEN dephosphorylates
PI3K, inhibits MAPK signaling, cell growth and cell cycle progression through its interaction
with cyclin D [65]. PTEN is induced by IGF-I1, as well as p53 and in turn, feeds back to inhibit
IGF-11 signaling, as demonstrated in the MMTV mouse overexpressing IGF-1I (MMTV-IGF-
I1) [49]. PTEN is the second most common tumor suppressor gene to be mutated in human
cancer, after p53. At least 50% of women with breast cancer have a mutation or inactivation
of at least one copy of PTEN [66]. Loss of PTEN in MCF-7 breast cancer cells has been shown
to lead to increased IGF-11 signaling through the IGF-IR or IR-A [44]. So, in the presence of
PTEN mutations, increased IR and IGF-IR signaling could stimulate tumor growth.

Akt activation of the mammalian target of rapamycin (mTOR) leads to protein synthesis,
allowing protein accumulation, cell growth and the preparation of cells for mitosis, all events
that favor tumor growth. The targets of mTOR include S6K1, S6K2 and the eukaryotic
initiation factor 4E (elF4E)-binding protein 1 (4E-BP1), resulting in increased translation, cell
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growth and proliferation. In addition, mTOR phosphorylates protein phosphorylase 2A
(PP2A), which prevents the dephosphorylation of S6K1 and 4E-BP1[48]. mTOR forms two
complexes, TORC1 and TORC2. TORCL1 is formed by mTOR-GBL-Raptor, is rapamycin-
sensitive and is involved in protein translation in response to growth factor and nutrient signals.
mTOR is regulated by the tumor suppressor genes tuberous sclerosis (TSC)1 and TSC2. The
complex formed by the TSC1 and TSC2 proteins has GTPase activity toward the small GTPase
Rheb and inhibits its activity. Rheb activates mTOR, while the TSC1/TSC2 complex, by
inhibiting Rheb, avidly inhibits mTOR and therefore prevents protein synthesis. Insulin and
IGF-1 signaling activate Akt, leading to phosphorylation of TSC-2, releasing its inhibitory
influenceon mTOR [48]. mTOR is regulated by PTEN, and loss of PTEN leads to constitutively
active mTOR [67]. Activation of mTOR in breast cancer cell lines is associated with resistance
to the chemotherapeutic agents trastuzumab and tamoxifen [68].

In states of glucose deprivation, ATP levels decrease and AMP levels rise, leading to
phosphorylation and activation of AMPK. LKBL1 is a tumor suppressor gene that
phosphorylates and activates AMPK. The activation of AMPK prevents the cellular production
of proteins for cell growth and proliferation. AMPK phosphorylates TSC2, increasing GTPase
activity on Rheb and inhibiting mTOR. AMPK also directly phosphorylates and inhibits mMTOR
[67]. In mice with colon cancer induced by a high fat diet, metformin decreased insulin levels,
decreased Akt, activated AMPK and attenuated the effects of the high fat diet on tumor growth
[69]. In human epidemiological studies, metformin has been associated with a decreased risk
of cancer development and a better response to chemotherapy in patients with breast cancer
[70,71].

Linking Insulin Signaling and Diabetes to Cancer in Animal Models

Increased levels of insulin, IGF-1 and IGF-11 and dysregulation of their signaling pathways by
mutations in tumor suppressor genes lead to tumor development. However, clear evidence to
tie these signaling pathways to cancer development, particularly in obesity and T2DM is
required. In addition, it remains to be seen if inhibiting insulin, IGF-1 and IGF-I1 signaling
prevents tumor growth.

Studies using animal models have investigated the role of IGF-IR in tumor development. For
example, studies in the transgenic adenocarcinoma of mouse prostate (TRAMP) model
demonstrated that selective overexpression of IGF-I in the basal epithelial cells of the prostate
led to increased expression of IGF-IR and development of early prostate cancer [72]. A
transgenic mouse model that formed a constitutively active IGF-IR homodimer, by the
formation of a CD8-IGF-IR fusion protein under the control of the mouse mammary tumor
virus (MMTYV) promoter, was also shown to have rapid development of aggressive salivary
and mammary adenocarcinomas [73]. Dominant-negative mutations of IGF-IR inhibited the
growth of lung cancer cell lines, and dysfunctional IGF-IR was shown to decrease proliferation
in mammary glands in mice and Ewing sarcoma cells [74-76].

In addition to IGF-IR upregulation in cancers, increased IR expression has been reported in
breast and prostate cancer cell lines [62,77]. This has led to studies examining the role of the
IR in cancer. Examination of Met-1 breast cancer cells, overexpressing PyVmT, demonstrated
that insulin and IGF-1 augment the interaction of IR and IGF-IR with PyVmT, by tyrosine
phosphorylation of PyVmT. When stimulated by insulin or IGF-1, the interaction of PyVmT
with Src and phospholipase Cyl (PLCy1) was increased. Src is involved in activating the
MAPK pathway, and both Src and PLCy1 are involved in tumor formation. Upon implantation
of Met-1 cells into mice, disruption of IR or IGF-IR signaling by short hairpin RNA (ShRNA)
prevented tumor formation, showing that IR and IGF-IR function are required for tumor
development in the presence of PyVmT [78]. Similar findings were reported from the highly
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metastatic LCC6 derivative of the MDA-MB-435 cell line and insulin responsive breast cancer
cell line, T47D. shRNA was used to downregulate the IR in both cell lines, and cells with
reduced IR activity had decreased insulin-stimulated Akt activation, with normal IGF-IR
function. When transplanted into athymic mice, the LCC6 IR shRNA tumors had decreased
growth, angiogenesis, lymphangiogenesis and metastases compared to wild-type cells, and
were found to produce less HIF1o and VEGF [79]. Increased IR expression was detected on
the endothelial cells of human breast, colon, pancreas, lung and kidney cancer specimens,
suggesting that insulin may play an important role in angiogenesis. In vitro studies of human
microvascular endothelial cells ((MVEC) have shown that insulin stimulated capillary-like
tube formation [80]. From these studies it is evident that hyperinsulinemia, IGF-I and IGF-II
may induce tumor growth, by signaling through the IR and IGF-IR.

To decipher the specific contribution of insulin resistance, independent of the inflammation
associated with obesity, a non obese insulin resistant mouse was developed. The female MKR
mouse is a non-obese mouse model of insulin resistance and hyperinsulinemia, with mild
dysglycemia [81]. Mammary tumors were induced in this mouse model by crossing it with a
mouse expressing PyVmT. The MKR mice were found to have accelerated mammary gland
development and breast cancer progression. The IR, IGF-IR, PI3K/Akt signaling pathways
were demonstrated to be the main mechanisms accounting for tumor development [57].
Decreasing the circulating levels of insulin, by using the B3 adrenergic receptor agonist
Cl-316243 prevented the accelerated tumor growth, by reducing IR and IGF-IR signaling
[82]. In addition, treating these mice with the IGF-IR/IR tyrosine kinase inhibitor BMS-536924
to block IR signaling, inhibited tumor growth [57]. In vitro, other IGF-IR/IR tyrosine kinase
inhibitors inhibit tumor growth; for example, BMS-754807 inhibits the growth of
osteosarcoma, rhabdomyosarcoma, neuroblastoma, liposarcoma, breast, lung, pancreatic,
colon and gastric tumors and multiple myeloma and leukemia cell lines in addition to xenograft
tumor models with tumor growth inhibition [83].

Conclusions

Concerns have been raised over the increasing prevalence of obesity and T2DM and their
association with increased cancer risk. We have described how dysregulation of insulin and
IGF-1 signaling, associated with increased activation of IR and IGF-IR, may occur in tumors,
with subsequent increases in signaling through the PI3K and MAPK pathways, leading to
unregulated protein synthesis, cell cycle progression, cell growth and prevention of apoptosis.
Animal models have helped us understand these pathways and how T2DM and obesity are
linked to cancer. From these animal models and epidemiological studies, it appears that treating
T2DM with the AMPK activator metformin may reduce the risk of developing cancer. In light
of these findings, studies are ongoing to examine the effect of metformin on tumor proliferation
and survival in patients with breast cancer (NCT00897884, NCT01101438), and other AMPK
activators are being developed as potential cancer treatments.

The understanding gained from animal and cell studies has allowed for the development of
novel anti-cancer therapies targeting specific points in the insulin, IGF-1 and IGF-I1 signaling
pathways. For example, monoclonal antibodies against IGF-1, IGF-1I and the IGF-IR, in
addition to inhibitors targeting IGFBP-2, IGF-IR, PI3K, Akt and mTOR and activators of
AMPK are being investigated (Figure 3). The monoclonal antibodies directed against the IGF-
IR bind to the a-subunit, blocking IGF-1 and IGF-11 binding and also appear to increase
internalization of the IGF-IR, decreasing the number available for binding. Robatumumab is
one such agent that inhibits growth of osteosarcoma, neuroblastoma and rhabdomyosarcoma
in animal studies [84)]. Early clinical trials are ongoing to investigate these monoclonal
antibodies in humans [85] (NCT00551213). Inhibition of signal transduction can be achieved
by using tyrosine kinase inhibitors (TKI). Most TKI compete for the ATP binding site on
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tyrosine kinase on the IGF-IR, preventing receptor autophosphorylation [86]. Due to the
conservation of this binding site between the IGF-IR and IR, these TKI may also block
signaling through IR. As demonstrated in mouse models, blocking IR and IGF-IR may be
necessary to inhibit tumor growth in the setting of hyperinsulinemia [57]. Inhibiting IGF-IR
phosphorylation may lead to increased phosphorylation of the epidermal growth factor receptor
(EGFR) signaling pathway and resistance to monotherapy. Therefore, using IGF-IR TKI in
conjunction with EGFR TKI could be a way to overcome this resistance [87]. Other agents
targeting downstream signaling molecules, including dual inhibitors of PI3K and mTOR that
overcome the issue of resistance to blocking either PI3K or mTOR individually, improves the
antiproliferative activity of EGFR inhibitors in cell studies [88].

Ultimately, examining the expression of genes and proteins in tumors is envisaged to determine
the susceptibility of individual tumors to therapy targeted at specific pathways and proteins.
Further animal and human studies are necessary to determine the importance of the IR and
IGF-IR signaling pathways in tumor development in the setting of hyperinsulinemia and the
mitogenic and metabolic effects of blocking these pathways in individuals with insulin
resistance and T2DM.
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Figure 1.

Insulin Receptor, IGF-IR and Hybrid Receptors. Insulin binds with greatest affinity to the
insulin receptors (IR-A and IR-B). IR-A and IR-B are splice variants of the IR, with IR-A
lacking exon 11. Insulin has low affinity for the IGF-IR. Each “hemireceptor’ made up of one
a and one f subunit of the IR-A, IR-B or IGF-IR can form a hybrid with another hemireceptor,
forming a hybrid receptor. IGF-1 binds to the IGF-IR, and the IGF-IR/IR-A and IGF-IR/IR-B
hybrid receptors. IGF-11 can bind with the IGF-IR, IR-A and IGF-IR/IR-A hybrid receptor.
Insulin does not bind with the hybrid receptors.
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Insulin, IGF-1 and IGF-I11 signaling through the IGF-IR. IGF-I, IGF-11 and, to a lesser extent
insulin, bind IGF-IR at the a subunit, leading to autophosphorylation of B subunit residues,
which then act as docking sites for the insulin receptor substrates (IRS)1-4 and other signaling
proteins, such as Shc, phospholipase C y1 (PLCy1) and Gabl. IRS-1 recruits the p85 regulatory
subunit of phosphatidylinositol 3-kinase (P13K) which through the catalytic effects of its p110
subunit, phosphorylates to activate protein kinase B (Akt), S6 kinase (S6K) and the mitogen
activated protein kinase/ extracellular signal regulated kinase (MAP/ERK) pathway. Akt is
recruited to the cell membrane and is phosphorylated by phosphoinositide-dependent protein
kinase (PDK)-1. Activated Akt has many substrates, including the forkhead transcription
factors (FKHR), Mouse double minute 2 (Mdm2), Bcl2-antagonist of cell death (BAD),
NF«xB and p53. These factors are chiefly involved in the regulation of apoptosis. Akt also
regulates protein synthesis by phosphorylating tuberous sclerosis protein (TSC2), releasing its
inhibition of Rheb to activate the mammalian target of rapamycin (mTOR). mTOR targets S6
kinase (S6K) and eukaryotic initiation factor 4E binding protein-1 (4E-BP-1). The
phosphorylation of IRS-1 and Shc can also lead to recruitment of growth factor receptor bound
protein 2 (Grb2), Son of Sevenless (SOS) and Ras, with subsequent activation of Raf-1,
MEK1/2 (MAP/ERK kinase 1/2) and ERK 1/2 by phosphorylation. Activation of this pathway
leads to cell proliferation. The tumor suppressor gene PTEN inhibits mTOR, PI3K and Shc.
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AMPK also inhibits mTOR, by activating the TSC1/2 complex in addition to directly inhibiting
mTOR.
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Figure 3.

Anti-Cancer therapy targeting the insulin, IGF-I and IGF-I11 signaling. Monoclonal antibodies
(Ab) have been developed to target IGF-1 and IGF-II, preventing their interaction with the IR
and IGF-IR. Antibodies have also been developed that bind to the IGF-IR, preventing binding
of insulin, IGF-I or IGF-II. Tyrosine kinase inhibitors (TKI) bind to the IGF-IR and prevent
phosphorylation and activation of the receptor. These TKI may also cross react with the IR.
Inhibitors of PI13K, Akt and mTOR have also been developed that inhibit downstream signaling.
Metformin acts in two ways. Firstly it decreases hepatic gluconeogenesis, thus decreasing
circulating insulin levels. Secondly, it is an activator of AMP kinase (AMPK), resulting in
inhibition of MTOR by direct phosphorylation and also by activation of the TSC1/TSC2
complex, leading to decreased protein synthesis.
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