Open Access Rambam Maimonides Medical Journal

HORIZONS IN DIABETES AND METABOLISM

The Role of Insulin and Insulin-like

Growth Factors in the Increased Risk
of Cancer in Diabetes

Derek LeRoith, M.D., Ph.D.*, Eyal J. Scheinman, Ph.D., and Keren Bitton-
Worms, Ph.D.

“Diabetes and Metabolism Clinical Research Center of Excellence”, Legacy Heritage Clinical Research
Institute at Rambam (LHCRIR), Haifa, Israel

ABSTRACT

Patients with type 2 diabetes (T2D) are at increased risk of developing cancer. This evidence arises from
numerous epidemiologic studies that relate a positive association between T2D and cancer. In-vitro and
several in-vivo experiments have attempted to discern the potential mechanistic factors involved in this
relationship. Candidates include hyperinsulinemia, insulin-like growth factor-1 (IGF-1), and insulin-like
growth factor-2 (IGF-2) signaling. These studies demonstrated that increased insulin, IGF-1, and IGF-2
signaling through the insulin receptor and IGF-1 receptor can induce cancer development and progres-
sion.
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INTRODUCTION mortality. T2D is characterized by insulin resis-
tance, hyperglycemia, hyperlipidemia, and hyper-
insulinemia. Studies using diabetic non-obese
mice demonstrated the link between diabetes and
tumor development and metastasis, which is de-

Type 2 diabetes (T2D), a growing epidemic seen
worldwide, is associated with an increased risk of
developing cancer and increased cancer-related
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pendent on insulin and insulin growth factor-1
(IGF-1). In this paper we will discuss the epide-
miologic evidence for a link between diabetes and
cancer and the potential mechanisms involved.
We will focus mainly on insulin and IGF-1 and
their receptors, and the molecular mechanisms
that are involved in their activation.

EPIDEMIOLOGY

Diabetes, particularly type 2 diabetes (T2D) is a
growing epidemic worldwide. The increase in cas-
es of T2D is apparently driven by the epidemic in
obesity. In 2005, diabetes was the third leading
cause of death among people between the ages of
45 and 64 in Israel.! It is considered to be one of
the leading causes for morbidity and death from
cardiovascular disease.! According to the Center
for Disease Control and Prevention (CDC), 1 in 10
adults in the U.S. now has diabetes, and by the
year 2050 it could rise to between 1 in 3to 1in 5
adults, if life-style changes are not adhered to suf-
ficiently.2 T2D is a polygenic disorder that is
strongly influenced by obesity, which leads to in-
sulin resistance and B-cell dysfunction, and is re-
flected by hyperinsulinemia and hyperglycemia.3
Epidemiological studies have shown that both
obesity and T2D are associated with an increased
risk of developing various cancers as well as an
increase in cancer-related mortality.4 T2D was
found to increase the risk for one of the most
common cancers all over the world, namely breast
cancer.5-8 Hyperinsulinemia was identified as the
predominant factor of mammary tumor progres-
sion mediated by diabetes.9 It was found that,
regardless of their body mass index (BMI), more
patients with T2D developed cancer and demon-
strated cancer-related mortality.50

DIABETES AND CANCER

Data acquired by epidemiological studies in re-
cent years support the idea that there is an asso-
ciation between T2D, obesity and cancer.™ It was
found that the relative risk of overweight men
with BMI > 35 kg/m2 to die from cancer is 1.23
compared with normal-weight men with BMIs
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between 18.5 and 24.9 kg/mz2. The same ratio was
found in women with BMIs of 30—-34.9 kg/m2 as
compared to normal-weight women, and it was
increased to 1.62 with a BMI > 40 kg/mz2.411 Sev-
eral reports from all over the world pointed out
that a BMI > 30 kg/m? raised the odds for all
kinds of cancers to 1.29 for men and 1.41 for
women.1-15

Several in-depth studies found that T2D is as-
sociated with increased risk of developing cancer,
regardless of obesity.® These studies distin-
guished the cancer sites related to T2D such as
pancreatic cancer,® extrahepatic biliary cancer,?”
breast cancer, especially estrogen receptor-
positive breast cancers;819 but it seems to have
no effect on the incidence of premenopausal
breast cancer.? No link was found between T2D
and lung cancer.8:20

Some of the studies carried out in order to
draw a connection between diabetes and cancer
do not distinguish between type 1 and 2 diabetes
and describe only the existence of diabetes at the
time of diagnosis of the cancer. However, the ma-
jority of studies suggest the connection is between
T2D and cancer. Several meta-analyses thus at-
tempt to discern the cause for cancer develop-
ment and to distinguish between the two types of
diabetes as well as other factors such as hepatitis
for liver cancer and smoking for lung cancer. The
overall conclusion from these meta-analyses was
that there is sufficient evidence to conclude that
an association exists between T2D and the risk for
several types of cancer including breast, colorec-
tal, pancreatic, and bladder cancer. However, the
opposite was found in the case of prostate can-
cer.21-27

Insulin resistance and hyperinsulinemia are
associated with obesity, the latter leading to T2D
in genetically predisposed individuals. Some epi-
demiological studies demonstrate a direct correla-
tion between insulin and C-peptide levels and
cancer development, especially in obese individu-
als. In one study, it was found that C-peptide
base-line levels were significantly higher in men
who developed colorectal cancer in comparison to
controls, in the absence of T2D.28 Studies con-
ducted by the Women’s Health Initiative (WHI)
also found a strong correlation between fasting
insulin levels and breast and endometrial cancer.
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These studies pointed out that in women not tak-
ing hormone replacement therapy the correlation
was even more significant.29-30

INSULIN, INSULIN SECRETAGOGUES,
METFORMIN, AND CANCER

Epidemiological evidence collected in several
studies has found that higher insulin levels may
lead to cancer development. Other studies point-
ed out that use of insulin or insulin secretagogues
might increase the risk to develop cancer in cer-
tain individuals.”* Studies in Canada showed that
use of sulfonylurea and insulin elevated the risk
for cancer-related mortality compared to T2D
patients that were treated with metformin alone.

These results are controversial since it was un-
clear whether the increased mortality risk is a
result of use of both insulin and sulfonylurea, or
that metformin use decreased the risk.3t Other
studies found that not only did the use of sul-
fonylurea and insulin increase the risk for cancer-
related death as compared with metformin use, it
also increased the risk for cancer development.
When metformin was administrated together
with insulin or sulfonylurea this effect was de-
creased.32 The Zwolle Outpatient Diabetes Project
Integrating Available Care 16 (ZODIAC-16) study
conducted in the Netherlands followed diabetic
patients receiving insulin, sulfonylurea, or met-
formin, for 9 years. Their findings were that
treatment with metformin decreased cancer mor-
tality by 50% in comparison to the other groups.33
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Figure 1. The insulin receptor (IR) with its two subtypes IR-A and IR-B, the insulin growth factor 1 re-
ceptor (IGF-1R) and the hybrid receptors (IGF-1R/IR-A and IGF-1R/IR-B). Structurally, IR and the IGF-
1R have two extracellular a-subunits and two transmembrane -subunits that are joined to each other by
disulfide bonds. Affinity, insulin binds with high affinity to IR-A or IR-B but has low affinity for IGF-1R,
while insulin has no binding to the hybrid receptors. IGF-1 binds to the IGF-1R and to the hybrid recep-
tors IGF-1R/IR-A or IGF-1R/IR-B. IGF-2 binds to IR-A, IGF-1R, or to IGF-1R/IR-A hybrid receptor. Sig-
naling, ligand binding to insulin receptor-A or to IGF-1 receptor mediates the mitogenic signaling path-
way, while ligand binding to insulin receptor-B activates metabolic signaling. Binding to the hybrid recep-
tors, leading to mitogenic or metabolic signaling, is determined by the IR isoform that formed the hybrid

receptors.
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THE INSULIN AND INSULIN-LIKE
GROWTH FACTOR (IGF) SYSTEM

The epidemiology studies discussed in the first
part of this review show an association between
T2D and cancer, but in order to understand the
causative factors we will first focus on the poten-
tial players and their signaling system.

Insulin and insulin-like growth factor (IGF)
are growth factors that are involved in various
cellular processes: glucose metabolism, cell pro-
liferation, differentiation, and survival.34 The in-
sulin and IGF system is a complex network of lig-
ands, receptors, and signaling pathways.

INSULIN RECEPTOR SIGNALING

The hormone insulin is secreted mainly by the (-
cells from the islets of Langerhans in the pancreas
in response to elevation in glucose levels. The
main insulin target tissues are liver, skeletal mus-
cle, and adipose tissue. In these tissues insulin
has a metabolic effect, whereas high levels of the
insulin receptor (IR) in the brain and lower levels
in pancreas, monocytes, granulocytes, erythro-
cytes, endothelial cells, and fibroblasts3s suggest
that insulin has other roles as well. Insulin binds
to the extracellular portion of the transmembrane
tyrosine kinase IR. Structurally, IR has two extra-
cellular a-subunits and two transmembrane [-
subunits that are joined to each other by disulfide
bonds (Figure 1). In addition, alternative splicing
yields two IR isoforms: isoform A (IR-A) lacking
exon 11, and isoform B (IR-B) including exon 11.
Upon insulin binding, autophosphorylation of the
[B-subunit leads to phosphorylation of intracellu-
lar proteins such as insulin receptor substrates
(IRS-1 to 4) and other adaptor proteins. Phos-
phorylation of IRS-1 activates the phosphatidyl-
inositol 3-kinase (PI3K) cascade which turns on
the protein kinase B (Akt) pathway. IR activation
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also activates the mitogen-activated protein ki-
nase (MAPK) pathway.

IGF-1 RECEPTOR SIGNALING

Circulating IGF-1 is produced mainly in the liver
and responds to growth hormone (GH) stimula-
tion. IGF-1 is also expressed by almost all
tissues.36 IGFs mainly regulate growth processes
and have mitogenic effects. The circulating lig-
ands IGF-1 and IGF-2 are bound to IGF-binding
proteins (IGFBPs). There are six IGFBPs, named
IGFBP-1 to IGFBP-6; they bind IGF-1 and IGF-2
but not insulin and protect them from degrada-
tion. Like insulin, IGF ligands (IGF-1 and IGF-2)
bind to a tyrosine kinase receptor, the IGF-1 re-
ceptor (IGF-1R). The IGF-1R is similar in struc-
ture to the insulin receptor, with two extracellular
a-subunits and two transmembrane [-subunits
(Figure 1). Binding of IGF-1 or IGF-2 to the IGF-
1R leads to receptor autophosphorylation, which
results in IRS phosphorylation that then leads to
activation of the PI3K cascade. IGF ligand bind-
ing can also activate the mitogen-activated pro-
tein kinase (MAPK) pathway (Figure 2). In addi-
tion, IGF-2 can also bind IGF-2 receptor (IGF-
2R) which leads to endocytosis of the ligand—
receptor complex, and therefore IGF-2R functions
as a clearance receptor for IGF-2.

INSULIN AND IGF RECEPTORS

Insulin and IGF-1 bind their own receptors at
physiological concentrations, but due to their
high homology in the structure of their receptors
a hybrid receptor may also exist. This may give
rise to multiple variations of homo- or hetero-
receptor dimers: IR-A/IR-A, IR-B/IR-B, IGF-
1R/IGF-1R, IGF-1R/IR-A, and IGF-1R/IR-B (Fig-
ure 1). Insulin binds with high affinity to the IR-A
or to IR-B but has low affinity for IGF-1R, while
insulin has little or no binding to the hybrid re-
ceptor.
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Figure 2. Insulin-like growth factor 1 receptor (IGF-1R) signaling pathway. Binding of IGF-1 or IGF-2 or
insulin to the IGF-1R a-subunit leads to autophosphorylation of B-subunit residues, which then act as
docking site to insulin receptor substrates (IRS-1 to 4). IRS-1 recruits the p85 regulatory subunit of phos-
phatidylinositol 3-kinase (PI3K) which activates the p110 catalytic subunit, then resulting in the for-
mation of phosphatidylinositol 3,4 phosphate (PIP2) and phosphatidylinositol 3,4,5 phosphate (PIP3).
PIP3 activates Akt. Activated Akt has many substrates; in one pathway Akt inhibits apoptosis by inacti-
vating BCL-2 antagonist of cell death (BAD), and in the second pathway Akt regulates protein synthesis
by phosphorylating tuberous sclerosis complex (TSC1/2). This phosphorylation removes the inhibition of
TSC1/2 from mammalian target of rapamycin (mTOR). mTOR activates the ribosomal S6 kinase (S6K)
and eukaryotic initiation factor 4E-binding protein-1 (4E-BP-1), leading to protein synthesis. In the ab-
sence of cellular nutrients, AMPK can inhibit protein synthesis through mTOR inhibition, both directly
and by activating the TSC1/2 complex. The tumor suppressor phosphates and tensin homolog deleted on
chromosome 10 (PTEN) inhibits PI3K. The mitogen-activated protein kinase (MAPK) pathway can also
be activated by IGF-1R activation. In this pathway IGF-1R activates the adaptor proteins, Shc and Grb2,
leading to activation of Ras, Raf, MEK1/2, and ERK1/2, which results in cell proliferation.

IGF-1 has high affinity for the IGF-1R and to
the hybrid receptors. IGF-2 can bind to IR-A or to
IGF-1R and also to the hybrid IGF-1R/IR-A. In
addition only IGF-2 can bind to the IGF-2R; this
interaction mediates the endocytosis and clear-
ance of IGF-2 from the circulation.3” In general,
ligand binding to the IR-A or to the IGF-1 recep-
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tor mediates the mitogenic signaling pathway
(cell survival, growth, and proliferation), while
ligand binding to IR-B activates metabolic signal-
ing. Binding to the hybrid receptors, leading to
mitogenic or metabolic signaling, is determined
by the IR isoform that formed the hybrid recep-
tors (Figure 1).
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ANIMAL MODELS

IGF-1, IGF-1R, AND CANCER

To understand the relationship between T2D,
obesity, and cancer risk, the effects of the insulin
and IGF-1 signaling have been studied in animal
models of cancer and cancer cell lines. These
studies help determine the mechanisms involved.

In mice, IGF-1 levels were reduced by caloric
restriction treatment and led to a reduction in
tumor growth.38 In rodents with reduced circulat-
ing IGF-1 levels tumor growth and metastasis
were reduced. Administration of IGF-1 ligand to
these mice reversed the reduction in both tumor
growth and metastases.39 In addition, in Noble
rats (prostate carcinoma model), increased IGF-1
levels resulting from exposure to high levels of sex
hormones led to progression from benign prostat-
ic growth to adenocarcinoma of the prostate.40
IGF-1 signaling appears to prevent apoptosis by
up-regulating the expression of MDM2. This pro-
tein facilitates p53 inhibition.4t IGF-1 induces re-
distribution of integrins, receptors that bind to
components of the extracellular matrix and in-
volve cell migration, thereby aiding in metastasis.
Addition of IGF-1 to colon cancer cell lines caused
re-localization of integrins which resulted in in-
creased cell migration.42 Another cell motility fea-
ture, the lamellipodia, was found to be induced by
IGF-1 in melanoma and neuroblastoma cancer
cell lines.43 In order to understand the role of the
IGF-1R in tumorigenesis, animal studies have
investigated modulation of the IGF-1R. Using a
transgenic mouse model of adenocarcinoma of
the prostate (TRAMP), investigators found high
levels of IGF-1 in basal epithelial cells of the pros-
tate that could activate the IGF-1R and result in
spontaneous tumorigenesis in prostate epitheli-
um.44 Other transgenic models that express the
IGF-1R constitutively showed aberrant develop-
ment of the mammary glands and rapid develop-
ment of salivary and mammary adenocarcino-
mas.45 Expression of an IGF-1R dominant nega-
tive mutant in Ewing’s sarcoma cells markedly
decreased proliferation and induced apoptosis.
When cells expressing a dominant negative IGF-
1R were injected into nude mice, the tumor for-
mation and metastatic abilities of the Ewing’s sar-
coma cells were reduced, and survival of the mice
increased.46 In addition, other variations of dom-

Rambam Maimonides Medical Journal

inant negative mutations of the IGF-1R in mice
blocked the growth of the lung cancer cell line.4
IGF-1R over-expressed in a variety of primary
cancers increased tumor growth and also in-
creased nodal metastases.48 Altogether, these
studies suggest that IGF-1 signaling through the
IGF-1R plays critical roles in tumor growth, me-
tastasis, and inhibition of pro-apoptotic factors.

INSULIN RECEPTOR

Similar to the IGF-1R involvement in tumor de-
velopment, studies involving the insulin receptors
indicated a connection between insulin receptors
and cancer. Higher levels of IR expression were
found in human breast cancer than in normal
breast tissue.49 Other studies demonstrated that
the IR is over-expressed in malignancies such as
cancer of the thyroid, colon, lung, ovary, and sar-
comas.5°-52 Analysis of five types of human ade-
nocarcinoma (breast, colon, pancreas, lung, and
kidney) yielded evidence of higher levels of IR on
the endothelium cells. This evidence connects IR
over-expression to angiogenesis.53 Moreover, in-
vitro angiogenesis assays that tested various
commercially available insulin compounds
demonstrated that insulin has the potential to
increase capillary-like tube formation of human
microvascular endothelial cells (hMVEC).53 Simi-
lar results were obtained from down-regulation of
IR using shRNA. Thus IR inhibition in cancer cell
lines (LCC6 and T47D) causes reduced Akt activa-
tion by insulin, with no involvement of the IGF-
1R. When the cells were transplanted into mice,
reduced growth, angiogenesis, and lymphangio-
genesis were detected, and reduced expression of
hypoxia-inducible factor-1-a(HIF1-a), and vascu-
lar endothelia growth factor-A (VEGF-A), and
VEGF-D were measured.54 Met-1 breast cancer
cells that over-express the viral oncogene PyVmT
(polyoma virus middle T antigen) show interac-
tion of IGF-1R and IR with the PyVmT that in-
creased with IGF-1 and insulin presence. The in-
teractions enhanced tyrosine phosphorylation of
PyVmT and raised recruitment of Src and PLCy1
to PyVmT. Src and PLCy1 play a role in tumori-
genesis. In this setting Met-1 cells demonstrated
increased proliferation, survival, migration, and
invasion. Also, Met-1 cells with dysfunction of IR
and IGF-1R that were transplanted into the hy-
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perinsulinemic MKR (unique transgenic model of
T2D) mice lost the ability to initiate tumor
growth.55

IGF-2 AND CANCER

The igf2 gene is maternally imprinted in mouse
and human. Igf2 gene imprinting is involved in
Beckwith—Wiedemann syndrome and Wilms’ tu-
mor.5¢ Transgenic over-expression of IGF-2 in
lung epithelium induces lung tumors through
IGF-1R signaling pathways.57 In a mouse model of
colon cancer, IGF-2 increased tumor develop-
ment on the background of adenomatous polypo-
sis coli (APC) gene mutation.58 In addition, IGF-2
can bind to the insulin receptor (IR-A) and acti-
vate mitogenic effects.

In summary, all these studies indicate that
insulin, IGF-1, IGF-2, and their signaling via the
IR and IGF-1R can induce tumor growth.

INSULIN RESISTANCE AND HYPERIN-
SULINEMIA

To decipher the contribution of insulin resistance
and hyperinsulinemia in tumor development, we
created the MKR mouse model. This model, a
dominant negative form of IGF-1R with a point
mutation K003 R1003 is exclusively expressed in
the skeletal muscles, resulting in the IR and IGF-
1R inactivation. As a result, the receptors failed to
stimulate with their ligands, and severe insulin
resistance is observed. The female mouse pheno-
type displays a non-obese phenotype with insulin
resistance, hyperinsulinemia, and mild dysgly-
cemia.’» When we crossed the MKR model with
transgenic PyVmT oncogene (model of mammary
tumors), the MKR female mice showed enhanced
tumor growth and a more aggressive phenotype
of breast cancer compared with control mice.
Both tumor tissue and mammary gland demon-
strate a higher expression of IR and increased
phosphorylation of the IR/IGF-1R and Akt; fur-
thermore, administration of pharmacological
blockers of IR and IGF-1R specifically abrogates
the accelerated tumor growth.s In conclusion, this
study suggested that the IR/IGF-1Rs are the me-
diators of the tumor-promoting activity of hyper-
insulinemia.
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CONCLUSION

The collective evidences from the epidemiological
studies and the results of the animal studies
demonstrate a link between T2D, obesity, and
increased cancer risk and cancer-related mortali-
ty. Furthermore, the increased risk is related to
increased activation of the insulin and/or IGF-1
receptors and their signaling pathways.

In this paper we focused on hyperinsulinemia
and insulin resistance but have not addressed the
role of hyperglycemia and hyperlipidemia. Clearly
insulin and IGF-1 play major roles in cancer de-
velopment and progression, especially in obesity
and type 2 diabetes. Other potential factors in-
clude leptin which is elevated in obesity and has
been shown to stimulate cancer cell growth in
vitro. Adiponectin, a hormone secreted from adi-
pose tissues, and other cytokines, will clearly be
targets for further investigations in the case of
breast and other common cancers.

REFERENCES

1. Health Situation in Israel 2008. Available at:
http://www.health.gov.il/Download/pages/health
statuso8.pdf(accessed November 2009).

2. Press Release: Number of Americans with Diabe-
tes Projected to Double or Triple by 2050. Availa-
ble at: http://www.cdec.gov/media/pressrel
/2010/r101022.html(accessed October 2010).

3. Kaaks R, Lukanova A. Energy balance and cancer:
the role of insulin and insulin-like growth factor-I.
Proc Nutr Soc 2001;60:91-106.

4. Calle EE, Rodriguez C, Walker-Thurmond K, Thun
MJ. Overweight, obesity, and mortality from can-
cer in a prospectively studied cohort of U.S. adults.
N Engl J Med 2003;348:1625—-38. d0i:10.1056/
NEJMoao21423

5. Xue F, Michels KB. Diabetes, metabolic syndrome,

and breast cancer: a review of the current evi-
dence. Am J Clin Nutr 2007;86:s823—-35.

6. Barone BB, Yeh HC, Snyder CF, et al. Long-term
all-cause mortality in cancer patients with preex-
isting diabetes mellitus: a systematic review and
meta-analysis. JAMA 2008;300:2754—64. doi:10.

1001/jama.2008.824
7. Lipscombe LL, Goodwin PJ, Zinman B, McLaugh-

April 2011 » Volume 2 ¢ Issue 2 ¢ e0043


http://www.health.gov.il/Download/pages/health_status08.pdf
http://www.health.gov.il/Download/pages/health_status08.pdf
http://www.cdc.gov/media/pressrel%20/2010/r101022.html
http://www.cdc.gov/media/pressrel%20/2010/r101022.html
http://dx.doi.org/10.1056/NEJMoa021423
http://dx.doi.org/10.1056/NEJMoa021423
http://dx.doi.org/10.1001/jama.2008.824
http://dx.doi.org/10.1001/jama.2008.824

Insulin and IGFs in Diabetes-Related Risk for Cancer

lin JR, Hux JE. The impact of diabetes on survival
following breast cancer. Breast Cancer Res Treat
2008;109:389—95. d0i:10.1007/510549-007-9654-
o

8. Coughlin SS, Calle EE, Teras LR, Petrelli J, Thun
MJ. Diabetes mellitus as a predictor of cancer
mortality in a large cohort of US adults. Am J Epi-
demiol 2004;159:1160—7. doi:10.1093/aje/kwh161

9. Novosyadlyy R, Lann DE, Vijayakumar A, et al.
Insulin-mediated acceleration of breast cancer de-
velopment and progression in a nonobese model of
type 2 diabetes. Cancer Res 2010;70:741-51.
doi:10.1158/0008-5472.CAN-09-2141

10. Calle EE, Kaaks R. Overweight, obesity and cancer:
epidemiological evidence and proposed mecha-
nisms. Nat Rev Cancer 2004;4:579—91. doi:10.

1038/nrc1408

11. Gallagher EJ, LeRoith D. Insulin, insulin re-
sistance, obesity, and cancer. Curr Diab Rep 2010;
10:93—100. d0i:10.1007/511892-010-0101-y

12. Kuriyama S, Tsubono Y, Hozawa A, et al. Obesity
and risk of cancer in Japan. Int J Cancer 2005;

113:148-57.

13. Pan SY, Johnson KC, Ugnat AM, Wen SW, Mao Y.
Association of obesity and cancer risk in Canada.
Am J Epidemiol 2004;159:259—68. doi:10. 1093
/aje/kwho41

14. Bergstrom A, Pisani P, Tenet V, Wolk A, Adami
HO. Overweight as an avoidable cause of cancer in
Europe. Int J Cancer 2001;91:421—30. doi:10.
1002/1097-0215(200002)9999:9999<::AID-
1JC1053>3.0.CO;2-T

15. Renehan AG, Tyson M, Egger M, Heller RF, Zwah-
len M. Body-mass index and incidence of cancer: a
systematic review and meta-analysis of prospective
observational studies. Lancet 2008;371:569—78.
d0i:10.1016/S0140-6736(08)60269-X

16. Chari ST, Leibson CL, Rabe KG, Ransom J, de An-
drade M, Petersen GM. Probability of pancreatic
cancer following diabetes: a population-based
study. Gastroenterology 2005;129:504—11.

17. Jamal MM, Yoon EJ, Vega KJ, Hashemzadeh M,
Chang KJ. Diabetes mellitus as a risk factor for
gastrointestinal cancer among American veterans.
World J Gastroenterol 2009;15:5274—8. doi:10.

8/wijg.15.52

18. Jee SH, Ohrr H, Sull JW, Yun JE, Ji M, Samet JM.
Fasting serum glucose level and cancer risk in Ko-
rean men and women. JAMA 2005;293:194—202.

doi:10.1001/jama.293.2.194

Rambam Maimonides Medical Journal

19. Michels KB, Solomon CG, Hu FB, et al. Type 2
diabetes and subsequent incidence of breast cancer
in the Nurses’ Health Study. Diabetes Care
2003;26:1752—-8. doi:10.2337/diacare.26.6.1752

20.Ehrlich SF, Quesenberry CP Jr, Van Den Eeden
SK, Shan J, Ferrara A. Patients diagnosed with di-
abetes are at increased risk for asthma, chronic ob-
structive pulmonary disease, pulmonary fibrosis,
and pneumonia but not lung cancer. Diabetes Care
2010;33:55—60. d0i:10.2337/dc09-0880

21. Friberg E, Orsini N, Mantzoros CS, Wolk A. Diabe-
tes mellitus and risk of endometrial cancer: a me-
ta-analysis. Diabetologia 2007;50:1365—-74. doi:
10.1007/800125-007-0681-5

22, Kasper JS, Giovannucci E. A meta-analysis of dia-
betes mellitus and the risk of prostate cancer. Can-
cer Epidemiol Biomarkers Prev 2006;15: 2056—62.
d0i:10.1158/1055-9965.EPI-06-0410

23.Larsson SC, Mantzoros CS, Wolk A. Diabetes
mellitus and risk of breast cancer: a meta-analysis.
Int J Cancer 2007;121:856—62.
doi:10.1002/ijc.22717

24. Larsson SC, Orsini N, Brismar K, Wolk A. Diabetes
mellitus and risk of bladder cancer: a meta-
analysis. Diabetologia 2006;49:2819—23. doi:10.
1007/500125-006-0468-0

25. Bonovas S, Filioussi K, Tsantes A. Diabetes melli-
tus and risk of prostate cancer: a meta-analysis.

Diabetologia  2004;47:1071-8.  doi:10.1007/s
00125-004-1415-6

26. Huxley R, Ansary-Moghaddam A, Berrington de
Gonzalez A, Barzi F, Woodward M. Type-II diabe-
tes and pancreatic cancer: a meta-analysis of 36
studiess. Br J Cancer 2005;92:2076—83.
doi:10.1038/s].bjc.6602619

27. Larsson SC, Orsini N, Wolk A. Diabetes mellitus
and risk of colorectal cancer: a meta-analysis. J
Natl Cancer Inst 2005;97:1679—87. d0i:10.1093
/inci/dji37s

28.Ma J, Giovannucci E, Pollak M, et al. A prospective
study of plasma C-peptide and colorectal cancer
risk in men. J Natl Cancer Inst 2004;96:546—53.
doi:10.1093/jnci/djho82

29. Gunter MJ, Hoover DR, Yu H, et al. A prospective
evaluation of insulin and insulin-like growth fac-
tor-I as risk factors for endometrial cancer. Cancer
Epidemiol Biomarkers Prev 2008;17:921—9.
d0i:10.1158/1055-9965.EPI-07-2686

30.Gunter MJ, Hoover DR, Yu H, et al. Insulin, insu-
lin-like growth factor-I, and risk of breast cancer in

April 2011 » Volume 2 ¢ Issue 2 ¢ e0043


http://dx.doi.org/10.1007/s10549-007-9654-0
http://dx.doi.org/10.1007/s10549-007-9654-0
http://dx.doi.org/10.1093/aje/kwh161
http://dx.doi.org/10.1158/0008-5472.CAN-09-2141
http://dx.doi.org/10.1038/nrc1408
http://dx.doi.org/10.1038/nrc1408
http://dx.doi.org/10.1007/s11892-010-0101-y
http://dx.doi.org/10.1093/aje/kwh041
http://dx.doi.org/10.1093/aje/kwh041
http://dx.doi.org/10.1002/1097-0215(200002)9999:9999%3c::AID-IJC1053%3e3.0.CO;2-T
http://dx.doi.org/10.1002/1097-0215(200002)9999:9999%3c::AID-IJC1053%3e3.0.CO;2-T
http://dx.doi.org/10.1002/1097-0215(200002)9999:9999%3c::AID-IJC1053%3e3.0.CO;2-T
http://dx.doi.org/10.1016/S0140-6736(08)60269-X
http://dx.doi.org/10.3748/wjg.15.5274
http://dx.doi.org/10.3748/wjg.15.5274
http://dx.doi.org/10.1001/jama.293.2.194
http://dx.doi.org/10.2337/diacare.26.6.1752
http://dx.doi.org/10.2337/dc09-0880
http://dx.doi.org/10.1007/s00125-007-0681-5
http://dx.doi.org/10.1007/s00125-007-0681-5
http://dx.doi.org/10.1158/1055-9965.EPI-06-0410
http://dx.doi.org/10.1002/ijc.22717
http://dx.doi.org/10.1007/s00125-006-0468-0
http://dx.doi.org/10.1007/s00125-006-0468-0
http://dx.doi.org/10.1007/s00125-004-1415-6
http://dx.doi.org/10.1007/s00125-004-1415-6
http://dx.doi.org/10.1038/sj.bjc.6602619
http://dx.doi.org/10.1093/jnci/dji375
http://dx.doi.org/10.1093/jnci/dji375
http://dx.doi.org/10.1093/jnci/djh082
http://dx.doi.org/10.1158/1055-9965.EPI-07-2686

Insulin and IGFs in Diabetes-Related Risk for Cancer

31.

32.

33-

34-

35.

36.

37-

38.

39-

40.

41.

postmenopausal women. J Natl Cancer Inst
2009;101:48-60. doi:10.1093/jnci/djn415

Bowker SL, Majumdar SR, Veugelers P, Johnson
JA. Increased cancer-related mortality for patients
with type 2 diabetes who use sulfonylureas or insu-
lin. Diabetes Care 2006;29:254—8. doi:10.2337/
diacare.29.02.06.dc05-1558

Currie CJ, Poole CD, Gale EA. The influence of
glucose-lowering therapies on cancer risk in type 2
diabetes. Diabetologia 2009;52:1766—77. doi:10.
1007/500125-009-1440-6

Landman GW, Kleefstra N, van Hateren KJ, Groe-
nier KH, Gans RO, Bilo HJ. Metformin associated
with lower cancer mortality in type 2 diabetes:
ZODIAC-16. Diabetes Care 2010;33:322—6.
doi:10.2337/dc09-1380

LeRoith D, Werner H, Beitner-Johnson D, Roberts
CT Jr. Molecular and cellular aspects of the insu-
lin-like growth factor I receptor. Endocr Rev 1995;
16:143-63.

Kaplan SA. The insulin receptor. J Pediatr
1984;104:327-36.  d0i:10.1016/S0022-3476(84)
81090-2

Frasca F, Pandini G, Sciacca L, et al. The role of
insulin receptors and IGF-I receptors in cancer
and other diseases. Arch Physiol Biochem 2008;
114:23—37. d0i:10.1080/13813450801969715

Samani AA, Yakar S, LeRoith D, Brodt P. The role
of the IGF system in cancer growth and metastasis:
overview and recent insights. Endocr Rev 2007;
28:20—47. d0i:10.1210/er.2006-0001

Dunn SE, Kari FW, French J, et al. Dietary re-
striction reduces insulin-like growth factor I levels,
which modulates apoptosis, cell proliferation, and
tumor progression in p53-deficient mice. Cancer
Res 1997;57:4667—-72.

Yakar S, Leroith D, Brodt P. The role of the growth
hormone/insulin-like growth factor axis in tumor
growth and progression: Lessons from animal
models. Cytokine Growth Factor Rev 2005;16:
407—-20. d0i:10.1016/j.cytogfr.2005.01.010

Wang YZ, Wong YC. Sex hormone-induced pros-
tatic carcinogenesis in the noble rat: the role of in-
sulin-like growth factor-I (IGF-I) and vascular en-
dothelial growth factor (VEGF) in the development
of prostate cancer. Prostate 1998;35:165-77.
do0i:10.1002/(SIC1)1097-0045(19980515)  35:3<
165::AID-PROS2>3.0.CO;2-G

Heron-Milhavet L, LeRoith D. Insulin-like growth
factor I induces MDM2-dependent degradation of

Rambam Maimonides Medical Journal

p53 via the p38 MAPK pathway in response to
DNA damage. J Biol Chem 2002;277:15600—6.
doi:10.1074/jbc.M111142200

42.Canonici A, Steelant W, Rigot V, et al. Insulin-like
growth factor-I receptor, E-cadherin and alpha v
integrin form a dynamic complex under the con-
trol of alpha-catenin. Int J Cancer 2008;122:572—
82. doi:10.1002/ijc.23164

43.Meyer GE, Shelden E, Kim B, Feldman EL. Insu-
lin-like growth factor I stimulates motility in hu-
man neuroblastoma cells. Oncogene 2001;20:
7542—50. d0i:10.1038/sj.0nc.1204927

44.DiGiovanni J, Kiguchi K, Frijhoff A, et al. Deregu-
lated expression of insulin-like growth factor 1 in
prostate epithelium leads to neoplasia in transgen-
ic mice. Proc Natl Acad Sci U S A 2000;97:3455—
60. d0i:10.1073/pnas.97.7.3455

45. Carboni JM, Lee AV, Hadsell DL, et al. Tumor de-
velopment by transgenic expression of a constitu-
tively active insulin-like growth factor I receptor.
Cancer Res 2005;65:3781—7. d0i:10.1158/0008-
5472.CAN-04-4602

46. Scotlandi K, Avnet S, Benini S, et al. Expression of
an IGF-I receptor dominant negative mutant in-
duces apoptosis, inhibits tumorigenesis and en-
hances chemosensitivity in Ewing’s sarcoma cells.
Int J Cancer 2002;101:11-16. doi:10.1002/

ije.10537

47.Lee CT, Park KH, Adachi Y, et al. Recombinant
adenoviruses expressing dominant negative insu-
lin-like growth factor-I receptor demonstrate anti-
tumor effects on lung cancer. Cancer Gene Ther
2003;10:57—63. d0i:10.1038/sj.cgt.7700524

48.Koda M, Sulkowski S, Garofalo C, Kanczuga-Koda
L, Sulkowska M, Surmacz E. Expression of the in-
sulin-like growth factor-I receptor in primary
breast cancer and lymph node metastases: correla-
tions with estrogen receptors alpha and beta.
Horm Metab Res 2003;35:794—801. d0i:10.1055
/s-2004-814152

49.Papa V, Pezzino V, Costantino A, et al. Elevated
insulin receptor content in human breast cancer. J
Clin Invest 1990;86:1503—10. doi:10.1172/ JCI
114868

50.Beck EP, Russo P, Gliozzo B, et al. Identification of
insulin and insulin-like growth factor I (IGF I) re-
ceptors in ovarian cancer tissue. Gynecol Oncol
1994;53:196—201. d0i:10.1006/gyno0.1994.1115

51. Frasca F, Pandini G, Scalia P, et al. Insulin recep-
tor isoform A, a newly recognized, high-affinity in-
sulin-like growth factor II receptor in fetal and

9 April 2011 » Volume 2 ¢ Issue 2 ¢ e0043


http://dx.doi.org/10.1093/jnci/djn415
http://dx.doi.org/10.2337/diacare.29.02.06.dc05-1558
http://dx.doi.org/10.2337/diacare.29.02.06.dc05-1558
http://dx.doi.org/10.1007/s00125-009-1440-6
http://dx.doi.org/10.1007/s00125-009-1440-6
http://dx.doi.org/10.2337/dc09-1380
http://dx.doi.org/10.1016/S0022-3476(84)81090-2
http://dx.doi.org/10.1016/S0022-3476(84)81090-2
http://dx.doi.org/10.1080/13813450801969715
http://dx.doi.org/10.1210/er.2006-0001
http://dx.doi.org/10.1016/j.cytogfr.2005.01.010
http://dx.doi.org/10.1002/(SICI)1097-0045(19980515)35:3%3c165::AID-PROS2%3e3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1097-0045(19980515)35:3%3c165::AID-PROS2%3e3.0.CO;2-G
http://dx.doi.org/10.1074/jbc.M111142200
http://dx.doi.org/10.1002/ijc.23164
http://dx.doi.org/10.1038/sj.onc.1204927
http://dx.doi.org/10.1073/pnas.97.7.3455
http://dx.doi.org/10.1158/0008-5472.CAN-04-4602
http://dx.doi.org/10.1158/0008-5472.CAN-04-4602
http://dx.doi.org/10.1002/ijc.10537
http://dx.doi.org/10.1002/ijc.10537
http://dx.doi.org/10.1038/sj.cgt.7700524
http://dx.doi.org/10.1055/s-2004-814152
http://dx.doi.org/10.1055/s-2004-814152
http://dx.doi.org/10.1172/JCI114868
http://dx.doi.org/10.1172/JCI114868
http://dx.doi.org/10.1006/gyno.1994.1115

Insulin and IGFs in Diabetes-Related Risk for Cancer

52.

53.

54.

55.

cancer cells. Mol Cell Biol 1999;19:3278—-88.

Vella V, Pandini G, Sciacca L, et al. A novel auto-
crine loop involving IGF-II and the insulin recep-
tor isoform-A stimulates growth of thyroid cancer.
J Clin Endocrinol Metab 2002;87:245-54. doi:10.

1210/jc.87.1.245

Rensing KL, Houttuijn Bloemendaal FM, Weijers
EM, et al. Could recombinant insulin compounds
contribute to adenocarcinoma progression by
stimulating local angiogenesis? Diabetologia
2010;53:966—70. d0i:10.1007/s00125-010-1687-y

Zhang H, Fagan DH, Zeng X, Freeman KT,
Sachdev D, Yee D. Inhibition of cancer cell prolif-
eration and metastasis by insulin receptor down-
regulation. Oncogene 2010;29:2517—27.
do0i:10.1038 / onc.2010.17

Novosyadlyy R, Vijayakumar A, Lann D, Fierz Y,
Kurshan N, LeRoith D. Physical and functional in-
teraction between polyoma virus middle T antigen
and insulin and IGF-I receptors is required for on-

Rambam Maimonides Medical Journal

10

56.

57.

58.

59.

cogene activation and tumour initiation. Oncogene
2009;28:3477—-86. d0i:10.1038/0n¢.2009.209

Ward A. Beck-Wiedemann syndrome and Wilms’
tumour. Mol Hum Reprod 1997;3:157-68. doi:10.
1093/molehr/3.2.157

Moorehead RA, Sanchez OH, Baldwin RM, Khokha
R. Transgenic overexpression of IGF-II induces

spontaneous lung tumors: a model for human lung

adenocarcinoma. Oncogene 2003;22:853—7. doi:
10.1038/sj.0nc.1206188

Sakatani T, Kaneda A, Iacobuzio-Donahue CA, et
al. Loss of imprinting of Igf2 alters intestinal mat-
uration and tumorigenesis in mice. Science
2005;307:1976—8. doi:10.1126/science.1108080

Fernandez AM, Kim JK, Yakar S, et al. Functional
inactivation of the IGF-I and insulin receptors in
skeletal muscle causes type 2 diabetes. Genes Dev
2001;15:1926—34. doi:10.1101/gad.908001

April 2011 » Volume 2 ¢ Issue 2 ¢ e0043


http://dx.doi.org/10.1210/jc.87.1.245
http://dx.doi.org/10.1210/jc.87.1.245
http://dx.doi.org/10.1007/s00125-010-1687-y
http://dx.doi.org/10.1038/onc.2010.17
http://dx.doi.org/10.1038/onc.2009.209
http://dx.doi.org/10.1093/molehr/3.2.157
http://dx.doi.org/10.1093/molehr/3.2.157
http://dx.doi.org/10.1038/sj.onc.1206188
http://dx.doi.org/10.1038/sj.onc.1206188
http://dx.doi.org/10.1126/science.1108080
http://dx.doi.org/10.1101/gad.908001

