
REVIEWS

The insulin-like growth factor 1 (IGF1) signalling
pathway arose early in evolution, possibly as a regula-
tor of cellular proliferation in relation to nutrient
availability1. This function is conserved in mammals
— insulin and IGF1 have key roles in regulating 
cellular proliferation and apoptosis in relation 
to diet — but additional regulatory roles related 
to energy metabolism, body size, longevity and 
various organ-specific functions2–5 have been
acquired.

The role of IGF signalling in controlling rates of
cell renewal has led to interest in the relevance of this
regulatory system to both ageing and neoplasia2,6,7.
IGF1 signalling stimulates proliferation and prolongs
survival of cells propagated in tissue culture4. By con-
trast, ageing at the whole organism level proceeds
more quickly with higher levels of IGF-related sig-
nalling1,8,9. Several model systems have provided evi-
dence that proliferation and metastasis of cancer cells
is increased by IGF1-receptor activation, either in
relation to higher levels of circulating IGF1 in the
host or to AUTOCRINE production of ligands by neoplas-
tic cells10. Ongoing research is addressing potential
clinical implications of these results.

This overview highlights key examples of recent
biological and epidemiological research, and refers to
more specialized reviews detailing laboratory and
population studies.

Normal IGF physiology
The IGF system involves complex regulatory networks
that operate at the whole organism, cellular and sub-
cellular levels, as illustrated in FIGS 1,2 (for reviews, see
REFS. 2,4,5,11). Key molecules involved are the ligands
IGF1 and IGF2, the type 1 and type 2 IGF receptors
(IGF1R and IGF2R, respectively), the IGF-binding
proteins (IGFBPs), and the proteins involved in intra-
cellular signalling distal to IGF1R, which include
members of the insulin-receptor substrate (IRS) 
family, AKT, target of rapamycin (TOR) and S6 kinase.

IGF1 has characteristics of both a circulating hor-
mone and a tissue growth factor. Most IGF1 found in
the circulation is produced by the liver. Regulation of
hepatic IGF1 production is complex. GROWTH HORMONE

(GH) has a dominant role in upregulating IGF1 gene
expression, but its stimulatory influence is markedly
reduced by malnutrition12. GH, in turn, is produced
by the pituitary gland under the regulation of the
hypothalamic factors somatostatin and growth-
hormone-releasing hormone (GHRH). Initially, it was
supposed that virtually all IGF1 originated in the liver
and was transported by ENDOCRINE mechanisms to sites
of action, but it is now recognized that IGF1 is also
synthesized in other organs where autocrine or
PARACRINE mechanisms of action are important. IGF2 is
also expressed both in the liver and in extrahepatic
sites, but is not tightly regulated by GH.
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The insulin-like growth factor 1 (IGF1) signalling pathway has important roles in regulating
cellular proliferation and apoptosis. Converging results from epidemiological research and 
in vivo carcinogenesis models indicate that high levels of circulating IGF1 are associated with
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AUTOCRINE

A form of bioregulation in
which a secreted factor affects
only the cell from which it was
secreted.

GROWTH HORMONE

A polypeptide that is produced
by the anterior pituitary gland
that, among other functions,
stimulates the liver to produce
IGF1.
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ENDOCRINE

A form of signalling whereby
hormones are secreted into the
circulation by specialized cells
that affect the metabolism or
behaviour of target cells that are
distant from the site of hormone
secretion.

PARACRINE

A form of bioregulation in
which a secretion produced by
one cell type in a tissue diffuses
through the tissue and affects
another cell type in the same
tissue.

GENOMIC IMPRINTING

The epigenetic marking of a
gene on the basis of parental
origin, which results in
monoallelic expression.
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that is produced in tissues remote from the cancer. By
contrast, some cancers might be stimulated by IGF1 or
IGF2 that is synthesized locally in an autocrine or
paracrine manner. Although these neoplasms would
still be expected to be inhibited by strategies that block
IGF1R, their behaviour would be predicted to be unre-
lated to circulating ligand levels. It is plausible that dur-
ing the process of neoplastic progression, cancers might
pass through a stage in which they are dependent on the
host for the ligand, but later acquire the capacity for
producing ligands in an autocrine manner, an event that
might be associated with more aggressive behaviour. As
methods for assessing levels of IGF1R activation
advances, it will become possible to determine to what
extent circulating levels of IGF1 are correlated with
IGF1R signalling in normal tissues and in neoplasms at
various stages of differentiation.

Regulation of IGF2 expression is complex. It involves a
non-translated mRNA known as H19 and silencing of
one allele by a GENOMIC IMPRINTING mechanism15. Loss of
imprinting or other regulatory failures that lead to
increased IGF2 expression would be predicted to confer a
growth advantage. Observations that IGF2 is the gene
most overexpressed in colon cancers compared with nor-
mal colonic mucosa16 and that loss of imprinting of IGF2
represents a risk factor for colorectal cancer17 indicate an
important role for IGF2 expression in cancer progression.

Receptors and downstream signalling. There is evidence
from experimental systems18 and studies of clinical
specimens19 that neoplastic progression, particularly in
prostate cancer, might be associated with increased
expression of IGF1R. However, amplification and over-
expression seems to be less common for IGF1R than for
ERBB2 (also known as HER2/NEU) — a member of the
epidermal growth factor receptor (EGFR) family that is

Both IGF1 and IGF2 are ligands for IGF1R, which
is a cell-surface tyrosine kinase signalling molecule.
Following ligand binding, intracellular signalling
pathways that favour proliferation as well as cell sur-
vival are activated. Initial phosphorylation targets for
IGF1R include IRS proteins, and downstream sig-
nalling molecules include phosphatidylinositol 
3-kinase, AKT, TOR, S6 kinase and mitogen-activated
protein kinase (FIG. 2). IGF2R preferentially binds
IGF2, but has no intracellular kinase domain, and
might not act as a signalling molecule.

Bioavailability of IGFs is influenced by concentra-
tions of specific IGFBPs13. At least six of these have been
characterized, and their affinity for IGF1 and IGF2 is in
the same order of magnitude as that of IGF1R. These
proteins are present in the circulation as well as
extravascular fluids. IGFBP3 provides most of the IGF-
binding capacity of serum and greatly prolongs the 
circulating half-life of the IGFs. IGFBPs in extracellular-
tissue fluid modulate interactions between IGF ligands
and cell-surface IGF receptors. In different physiological
contexts, the IGFBPs can either increase or decrease IGF
signalling. This complexity is poorly understood; it
probably arises because on the one hand IGFBPs pro-
long the half-lives of IGFs, but on the other they com-
pete with receptors for free IGF1 and IGF2. Finally, there
is increasing evidence that the IGFBPs have growth-
regulatory actions that are independent of their capacity
to bind IGFs. The physiological importance of these
actions is an active area of research at present.

IGF pathophysiology in neoplasia
Ligands. The behaviour of many experimental IGF1R-
positive cancers (for example, see REF. 14) is influenced
by variations in the circulating levels of IGF1, indicating
that these neoplasms are growth stimulated by IGF1

Summary 

• Insulin-like growth factor 1 (IGF1) has characteristics of both a circulating hormone and a tissue growth factor.

• Circulating IGF1 levels vary considerably between normal individuals and there is evidence from epidemiological
studies that individuals with levels at the higher end of the normal range have increased cancer risk. As this risk could
apply to ~ 25% of the population, the attributable disease burden might be substantial, even though the relative risk
associated with higher IGF1 levels is modest.

• Laboratory carcinogenesis models have provided data consistent with the population studies.

• Higher IGF1 levels might be associated with higher risk of a cancer diagnosis because of subtle influences on renewal
dynamics of epithelial-cell populations: somatic cells of individuals with higher levels of IGF1 might show slightly
higher proliferation rates and have a slightly increased chance of survival in the presence of genetic damage, because of
the anti-apoptotic effects of IGF1. This would facilitate stepwise carcinogenesis. Higher IGF1 levels might also reduce
the time interval between emergence of a transformed clone of cells and a clinically significant cancer.

• The syndrome of insulin resistance, characterized by increased insulin levels and obesity, is also associated with
increased cancer risk and might involve similar mechanisms.

• In experimental models, the growth of many established cancers can be inhibited by pharmacological strategies that
reduce IGF1-receptor (IGF1R) signalling; this observation will lead to clinical trials of new drug candidates, such as
anti-IGF1R antibodies and IGF1R tyrosine kinase inhibitors.

• Dietary restriction confers protection against carcinogens and extends life expectancy in experimental models; there is
evidence that both of these actions involve IGF signalling. Whereas higher levels of IGF signalling are associated with a
shorter lifespan in model organisms, at the cellular level IGF1R activation activates anti-apoptotic pathways. A ‘rate of
living’ model reconciles these observations.
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microenvironments, including metalloproteinases, cas-
pases and prostate-specific antigen (PSA)22 can digest
IGFBPs and release free ligand. Production of proteases
by a cancer might therefore increase IGF1R signalling.
On the other hand, this model predicts that growth
inhibitors might increase IGFBP expression, and this
has been documented for anti-oestrogens, anti-andro-
gens, transforming growth factor-β, deltanoids,
retinoids and others23,24.

Recent data indicate additional complexities. First,
there is evidence that certain IGFBPs have IGF-
independent growth-inhibitory or pro-apoptotic
influences, and that neoplastic cells can develop resis-
tance to these actions13. Second, in certain physiologi-
cal contexts, IGFBPs seem to increase rather than
reduce the mitogenic activity of IGFs13. These actions
might involve lengthening the half-life of IGF1 and
IGF2, or poorly characterized actions whereby IGFBPs
deliver IGFs to IGF1R. Regardless of mechanism, there
is evidence that in some situations, IGFBP expression
can increase neoplastic behaviour and that measures
that reduce IGFBP expression can inhibit tumour
growth. Examples include experiments showing that
inhibition of the increased expression of IGFBPs that
follows castration delays the emergence of androgen-
independent prostate cancer25, and evidence that
IGFBP2 expression is correlated with aggressive behav-
iour of gliomas and other cancers26,27. A recent obser-
vation requiring further study is that loss of function
of PTEN is associated with upregulation of expression
of IGFBP2 (C. Sawyers, personal communication).

IGF levels and cancer risk
Inter-individual variations in IGF levels. Before review-
ing evidence for a relation between circulating levels of
IGFs and cancer risk, it is important to understand that
there is considerable variation of circulating levels of
IGF1, IGF2 and IGFBP concentrations between normal
individuals. Although clinical endocrinologists have
long measured these concentrations to aid in the diag-
nosis of GH deficiency and ACROMEGALY, the traditional
view has been that there is no biological or medical sig-
nificance to the substantial variation that falls within the
broad normal range between these pathological
extremes. However, there is now evidence that this vari-
ation has implications regarding disease risk. Studies
reviewed below indicate that the risk of common can-
cers is increased in individuals who have higher circulat-
ing levels of IGF1, compared with those who have levels
at the lower end of the normal range. By contrast,
among individuals with IGF1 concentrations within the
normal range, risk of cardiac disease seems to vary
inversely with circulating IGF1 levels28,29.

Genetic factors. Genetic factors influence circulating
IGF1 concentration30. Dozens of proteins are involved in
the physiological systems that regulate IGF1 levels, and
POLYMORPHIC VARIATION of the genes encoding any of these
could influence circulating concentrations. Examples
include genes encoding IGF1 itself; IGFBPs and their
proteases; GH and its receptor; and somatostatin,

often found to be overexpressed in breast cancer. In
many cases, IGF1R seems to have a role in regulating
proliferation and differentiation even if its level of
expression is low20. Downregulation of receptor expres-
sion might be associated with chronic stimulation by an
autocrine IGF1 or IGF2 loop.

Signals from IGF1R can also become exaggerated or
inappropriate because of molecular pathology that
involves downstream elements. One common example is
loss of function of the tumour-suppressor gene PTEN,
which encodes a phosphatase that normally attenuates
signals originating at tyrosine kinase receptors, including
IGF1R (FIG. 2).

IGF2R is also implicated in neoplasia. Most studies
indicate that this receptor does not transduce a signal
and merely acts as a ‘sink’ for IGF2, which exerts its
biological effects through IGF1R. This model provides
a framework to explain the observation that IGF2R
has properties of a tumour-suppressor gene: loss of
IGF2R is correlated with increased IGF2-initiated
IGF1R activation and increased proliferation21.

IGFBPs. IGFBPs modulate bioavailability of IGFs in
both the circulation and the cellular microenviron-
ment13. The simplest model postulates that the domi-
nant action of IGFBPs is to compete with receptors for
ligands. So, under circumstances in which IGFBP levels
are low, IGF mitogenic activity would be expected to be
high. Many proteases that are present in tumour

ACROMEGALY

A condition that results from the
excess production of growth
hormone in the anterior lobe of
the pituitary gland.

POLYMORPHIC VARIATION

Occurrence, at a single genetic
locus, of two or more alleles that
differ in nucleotide sequence.
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Figure 1 | Regulation of circulating and tissue levels of insulin-like growth factors.
Most circulating insulin-like growth factors are produced in the liver. Hepatic IGF1 production
is subject to complex regulation by hormonal and nutritional factors. Growth hormone (GH),
which is produced in the pituitary gland under control of the hypothalamic factors growth-
hormone-releasing hormone (GHRH) and somatostatin (SMS), is a key stimulator of IGF1
production. Various IGF-binding proteins (IGFBPs) are also produced in the liver. In IGF-
responsive tissues, the ligands IGF1 and IGF2 as well as IGFBPs can be delivered through
the circulation from the liver (an ‘endocrine’ source), but IGFs and IGFBPs can also be locally
produced through autocrine or paracrine mechanisms. These mechanisms often involve
interactions between stromal- and epithelial-cell subpopulations.
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Lifestyle factors. Nutrition has an important influence on
circulating IGF1 levels. Starvation reduces both IGF1
levels12 and intracellular signalling distal to IGF1R, at the
level of TOR40. These regulatory systems might have
evolved to minimize the energy and protein consump-
tion related to renewal of epithelial-cell populations at
times of inadequate nutrition. The observation that the
protection against carcinogenesis conferred by dietary
restriction is reversible by infusing IGF1 (REF. 41) indicates

GHRH and their receptors. Only a few of these have so
far been studied in the context of their ability to influ-
ence IGF1 levels within the normal range31–34, but some
are mutated in growth disorders associated with abnor-
mal IGF1 levels35,36. Some31,37, but not all38, reports 
indicate that polymorphic variation within these genes
influences cancer risk or prognosis. Common HAPLOTYPES

might account for much of the variation in circulating
levels of IGFs and their binding proteins39.

HAPLOTYPE

A fixed pattern of several linked
genetic polymorphisms.
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Figure 2 | Overview of insulin-like growth factor 1 receptor activation and downstream signalling. The insulin-like growth factor
1 receptor (IGF1R) is a tyrosine kinase cell-surface receptor that binds either IGF1 or IGF2. The local bioavailability of ligands
is subject to complex physiological regulation and is probably abnormally high in many cancers. Ligands can be delivered
from remote sites of production through the circulation or be locally produced. IGF-binding proteins (IGFBPs) and IGFBP
proteases have key roles in regulating ligand bioavailability. IGFBPs prolong the half-life of IGFs, which has the potential to
increase IGF1R activation. On the other hand, these proteins have affinity for IGFs comparable to IGF1R and there is
competition between IGFBPs and IGF1R for available ligands in tissue microenvironments. This provides a basis for the
inhibitory roles of IGFBPs on IGF1 signalling observed in many situations. There is evidence that certain IGFBPs also have
direct, IGF-independent growth-regulatory actions. The IGF2R binds IGF2, but has no tyrosine kinase domain and appears to
act as a negative influence on proliferation by reducing the amount of IGF2 available for binding to IGF1R. Certain IGFBP
proteases (often produced by neoplastic cells) that cleave IGFBPs can release free ligand and thereby increase IGF1R
activation. Following ligand binding to IGF1R, its tyrosine kinase activity is activated, and this stimulates signalling through
intracellular networks that regulate cell proliferation and cell survival. Key downstream networks include the PI3K–AKT–TOR
system and the RAF–MAPK systems. Activation of these pathways stimulates proliferation and inhibits apoptosis. This figure
simplifies complex interacting regulatory networks. For many cell types, the key effects of signalling downstream to AKT relate
to regulation of cell survival and mRNA translation, while the principal effect of signalling downstream to RAS involves
regulation of cellular proliferation. 4EBP1, eukaryotic translation initiation factor 4E binding protein 1; eIF4E, eukaryotic
translation initiation factor 4E; ERK, extracellular signal-regulated kinase; GRB2, growth-factor-receptor-bound protein 2;
IRS1, insulin-receptor substrate 1; MAPK, mitogen-activated protein kinase; MEK, mitogen-activated protein kinase kinase;
PI3K, phosphatidylinositol 3-kinase; PIP, phosphatidylinositol; PTEN, phosphatase and tensin homologue; S6K, S6 kinase;
SHC, SRC-homology-2-domain transforming protein; SHP2, phosphatidylinositol 3-kinase regulatory subunit; SRF, serum
response factor; TOR, target of rapamycin.
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IGF1 to IGFBP3 levels) and mammographic density.
This raises the possibility that the relation between
mammographic density and breast cancer risk exists, at
least in part, because variability in density functions as a
surrogate for variability in IGF1 physiology.

Racial factors also influence IGF1 and IGFBP3 levels,
but it is important to not over-interpret what might be a
coincidence. Black men have a higher risk for prostate
cancer than other groups and have been observed to
have lower levels of IGFBP3 (REF. 69), a protein that
attenuates IGF signalling in experimental systems. Black
women have higher IGF1 levels than other racial groups
and also have a slightly higher risk of premenopausal
breast cancer70,71.

Although there are controversies, many studies (for
reviews, see REFS 72,73) provide evidence that there is an
excess of neoplastic disease among acromegalics, who
have IGF1 levels above the normal range. Although
this increased risk represents circumstantial evidence
for an association between IGF1 and neoplasia, it is
surprisingly modest in magnitude, in that very high
IGF1 levels are not known to be associated with
extreme cancer risk. This situation might relate to the
fact that IGFBP3 and IGF1 are both increased in
acromegaly. Also, there is obviously little modern
experience with long-term follow-up of untreated
acromegaly to determine cancer incidence.

Population studies: methodology. To examine the possi-
bility that levels of a circulating analyte predict risk of a
future cancer diagnosis, a NESTED CASE–CONTROL STUDY

design is useful. This involves blood sampling of a large
number of apparently healthy individuals before subse-
quent long-term clinical observation. After years of fol-
low-up, individuals who have developed a particular
cancer can be identified and assays can be performed
on their stored blood samples, together with samples
from an appropriate control group from the same
cohort. The distribution of levels between the cases and
controls is used to reach conclusions concerning the
association of the analyte with subsequent risk. This
method is useful because it minimizes the possibility
that conclusions will be biased by effects of the disease
itself on the analyte. This is an important consideration
for studies of IGF1 and cancer risk, as it is known that
the malnourishment that is associated with cancer
CACHEXIA lowers IGF1 levels. A non-prospective study
design — in which IGF1 levels are compared in blood
taken from cases sampled after diagnosis and from a
cancer-free control group — therefore presents poten-
tial difficulties in interpretation, particularly if the
‘cases’ have advanced cancer.

Assay technology for measuring IGFs, IGFBPs and
related analytes is evolving rapidly23. As epidemiological
research can require assessment of small differences
between groups, it demands more accurate and sensitive
assays than traditionally used clinical assay applications
in the diagnosis of GH deficiency and acromegaly. It 
is necessary to ensure that a particular assay method 
is appropriate for a given set of samples, as varying
amounts of proteolysis might occur between the time of

a mediating role for IGF1 in the protective effect of
calorific restriction on carcinogenesis. Similarly, observa-
tions that mutations that reduce IGF signalling are suffi-
cient to extend lifespan in model organisms1,8 indicate a
mediating role for IGF signalling on the effects of dietary
restriction on ageing.

More recent studies indicate that high levels of
energy or protein intake are associated with modest
increases in IGF1 levels42–44. In several studies, IGF1 lev-
els were seen to increase with increasing dairy-product
intake42,43,45. The underlying mechanism and signifi-
cance of this relationship deserves further study, partic-
ularly as prostate cancer risk has been shown to
increase with both IGF1 level23 and dairy intake46.
Micronutrients such as retinoids also influence circu-
lating IGFBP3 levels, and this is modified by an IGFBP3
polymorphism33. It is likely that ongoing research will
uncover additional genetic factors that modify the
influence of nutrition on IGF physiology. This work
might allow the identification of certain individuals for
whom specific dietary patterns have particularly
important implications with respect to disease risk.

Hormones, including endogenous and exogenous
steroids, have important influences on the GH–IGF1
axis. Both TAMOXIFEN and the potent synthetic oestrogen
diethylstilbestrol are effective breast cancer treatments.
Both have several mechanisms of action, but it is of
interest that both suppress IGF1 levels47,48. Oral oestro-
gen-replacement therapy reduces circulating levels of
IGF1, probably as a consequence of its direct delivery to
the liver and suppression of hepatic IGF1 gene expres-
sion49. This lowers circulating IGF1 levels, but might not
reflect reduced IGF1 signalling in tissues. Oestrogen
delivery by the transdermal route does not lower circu-
lating IGF1 levels. In several experimental systems,
oestrogens and IGFs act jointly to increase prolifera-
tion50,51. Polymorphisms that influence the function of
IGF1R itself 34,52 or downstream signalling proteins
would also be expected to add complexity to the relation
between circulating IGF1 levels and IGF1R activation.

Circumstantial evidence. The initial evidence for an
association between circulating IGF1 concentration and
cancer risk was circumstantial. Small but significant
increases in cancer risk with increasing height have been
documented in many studies53–56. Height per se is
unlikely to be a risk factor, but the hormonal determi-
nants of height might influence cancer risk. IGF1 levels
are, at most, weakly related to adult height, but are
related to height early in life57. So, height might be
weakly related to risk in part because it is weakly related
to IGF1 exposure over the first decades of life. Birth
weight and size have been associated with risk of
breast58,59, colorectal60, prostate61 and childhood can-
cers62, and are positively correlated with cord-blood
IGF1 levels63. Conversely, PRE-ECLAMPSIA is associated with
reduced IGF1 levels and reduced breast cancer risk64,65.

Mammographic density is strongly related to breast
cancer risk (for a review, see REF. 66), but the mechanisms
involved are unclear. There is evidence67,68 for a positive
relation between circulating IGF1 levels (or the ratio of

TAMOXIFEN

An anti-oestrogen drug that can
be given to women with
oestrogen-receptive tumours to
reduce oestrogen-receptor
activation.

PRE-ECLAMPSIA

A toxaemia of late pregnancy
that is characterized by
hypertension, oedema and
proteinuria.

NESTED CASE–CONTROL STUDY

A population study where
individuals with (cases) or
without (controls) a disease are
identified from within a larger
cohort of individuals being
followed for research purposes.

CACHEXIA

A state of ill health, weight loss
and negative nitrogen balance
that is often associated with
advanced cancer.
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Laboratory models. Several in vivo carcinogenesis models
have provided data that are compatible with an effect of
host IGF1 physiology on cancer risk — these models are
to be distinguished from those that study the influence of
variations in IGF1 levels or IGF1 signalling on the behav-
iour of established cancers. It is interesting to note that
most laboratory work concerning the relation of IGF1 to
carcinogenesis was motivated by and followed the epi-
demiological research reviewed above. To the extent that
these models showed trends in the same direction as
those observed in the epidemiological research, the labo-
ratory work in this area serves to increase the plausibility
of the results from human populations.

Models in which circulating IGF levels are depleted by
either liver-specific deletion of IGF1 or expression of a
GH antagonist provide evidence that lower IGF1 concen-
trations are associated with a significant reduction 
in breast cancer following exposure to chemical carcino-
gens85,86. Prostate cancer incidence in the well-character-
ized TRAMP CARCINOGENESIS MODEL87 is substantially reduced
in IGF1-deficient mice, whereas organ-specific overex-
pression of IGF1R increased prostate neoplasia88.Another
example concerns hepatocarcinogenesis: overexpression
of IGFBP1, which can attenuate IGF1R activation by
sequestering ligands, inhibited carcinogenesis 
following exposure to the carcinogen diethylni-
trosamine89. It is also of interest to note that certain cancer
types are more frequent in large breeds of dogs, which
have higher circulating IGF1 levels90,91. It is important to
recognize that all of these models involve variations in
IGF1 levels that are large compared with the more subtle
variations in IGF1 physiology that exist between healthy
humans. However, it is reasonable to expect that models
of large differences that operate over relatively short times
are able to simulate more subtle differences that might
influence human carcinogenesis over decades.

Biological basis for a relation between IGF1 signalling
level and cancer risk. The observed association between
higher levels of IGF1 and cancer risk might arise
because higher IGF1 levels are associated with accelera-
tion of early carcinogenesis, as illustrated in FIG. 3.
Carcinogenesis requires stepwise accumulation of
genetic damage. This would be facilitated not only by
faster rates of proliferation92, but also by an environ-
ment that favoured, even slightly, survival (rather than
programmed cell death) of stem cells that have under-
gone early genetic ‘hits’ — thereby increasing the pool of
damaged cells available for second and subsequent hits.
Higher levels of IGF1 would be expected to activate sur-
vival pathways that would make apoptotic death of
damaged cells slightly less probable. When applied
simultaneously to large numbers of at-risk cells over
many years, even a small influence in this direction
would serve to accelerate carcinogenesis. A separate
mechanism might involve an effect of IGF1 on early
progression of established neoplasms. This model pos-
tulates that IGF1R signalling is important in determin-
ing the time between full transformation of a single cell
and the development of clinically significant disease.
This is a potentially important issue, given evidence

blood sampling and assay, and antibodies vary in their
specificity for different molecular species. This issue is
particularly important for IGFBP3, which is present in
the circulation as a mixture of polypeptides of varying
length (because of proteolytic cleavage) and varying gly-
cosylation and phosphorylation modifications, all of
which might have physiological significance. Some of
the discrepancies in the literature regarding the relation
of IGFBP3 levels to subsequent cancer risk might relate
to technical issues concerning assay methodology.

Population studies: results. Earlier reviews10,23,24,74,75 have
summarized both prospective and non-prospective
data. Renehan et al.76 recently published a comprehen-
sive overview of population studies. The authors
acknowledge controversies, but conclude, on the basis
of a meta-analysis, that circulating IGF1 levels are
related to risk of several common cancers. Because of
space constraints, we restrict our review to larger
prospective data sets (which are considered the most
reliable) and to cancer types that have been studied
independently by several groups (TABLE 1). Examples of
recent interesting results that did not meet criteria for
inclusion in TABLE 1 include evidence for associations
between IGF1 levels and cancers of the uterine cervix,
bladder and ovary77–79.

Overall, a trend towards increasing risk with
increasing levels of IGF1 is emerging. In the occasional
study results are marked — for example, within the
Physicians’ Health Study Cohort, the association
between IGF-related analytes and prostate cancer risk
was stronger than the association between cholesterol
and cardiovascular disease80–82 — but overall the asso-
ciations are modest. Of course, the impact of a risk fac-
tor that is common in a population and associated
with modestly increased risk might exceed the disease
burden attributable to strong risk factors that are
encountered rarely.

It is important to point out that some studies did not
detect an association of IGF1 levels with risk, particularly
in the case of lung cancer83. This might be because 
IGF-related risk becomes relatively insignificant when
carcinogenesis is driven by high levels of carcinogen
exposure — the lung cancer cohorts differed from the
cohorts of other cancer types, as they comprised heavy
smokers. Interestingly, no association was seen between
prostate cancer and IGF-related analytes among heavy
smokers84. This remains unexplained, but a mechanism
involving an effect of heavy smoking on IGF1 levels can
not be ruled out. In the case of breast cancer, IGF1 has
been related to risk in premenopausal women only, indi-
cating the possible importance of levels in early life or an
interaction with other hormones such as oestradiol.

The data for associations between IGFBP3 and can-
cer risk are not consistent, which might reflect that this
analyte is simply unrelated to risk. Alternatively, ongo-
ing research might uncover technical issues related to
sample storage and measurement that explain the dis-
crepancies. It is possible, for example, that risk varies
with a particular molecular species of IGFBP3 that is
present in the circulation.

TRAMP CARCINOGENESIS

MODEL

A mouse model of prostate
cancer that is characterized by
spontaneous development of
prostate tumours.
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receptors, such as imatinib (Glivec), and compounds
that interfere with the function of receptors in the
EGFR family, such as trastuzumab (Herceptin), have
demonstrated that the paradigm of receptor targeting
can be extended beyond steroid-hormone receptors.

Progress in defining the pathophysiological role of
signalling at and downstream of IGF1R in neoplasia
might lead to the development of novel targeting strate-
gies and to the definition of criteria that identify cancers
that might be responsive to these treatments. Not long
after IGF1R was reported to be present in surgically
resected tumour specimens, and initial speculation that
IGF1R might represent a therapeutic target95, it was
shown that administration of a blocking antibody

(best documented in prostate cancer93) that early car-
cinogenesis occurs very commonly by middle age and
that risk of clinically detectable cancer depends on inter-
individual differences in probability of progression94.
These proposed mechanisms are not mutually exclusive.

IGF1 receptor: a target for cancer treatment
The concept of receptor targeting is now well estab-
lished in anticancer therapeutics. Androgen and
oestrogen receptors are molecular targets that have led
to the development of widely used oestrogen- and
androgen-receptor antagonists for treatment of
prostate and breast cancer. More recently, success in
the clinic of compounds that target tyrosine kinase

Table 1 | Population studies of serum IGF1 and IGFBP3 levels and cancer risk 

Study Study population Cancer risk related Cancer risk related References
to IGF1 level* to IGFBP3 level*

Colorectal cancer

Physicians’ Health Study 193 cases, 318 contols 2.51 (1.15–5.46) 0.28 (0.12–0.66) 148

Nurses’ Health Study 79 cases, 158 controls 2.18 (0.94–5.08) 0.28 (0.10–0.83) 149

New York University Women’s 102 cases, 200 controls 1.23 (0.47–3.22) 1.23 (0.51–2.95) 129
Health Study 

North Sweden Health and 110 cases, 336 controls 2.47 (0.93–6.53) 1.75 (0.72–4.22) 150
Disease Cohort

Chinese men living in Shanghai 135 cases, 661 controls 1.18 (0.55–2.53) 1.78 (0.86–3.70) 151

Prostate cancer

Physicians’ Health Study 530 cases, 540 controls Early-stage disease: 1.2 (0.7–2.2) Early-stage disease: 1.0 (0.6–2.2) 82,152
Late-stage disease: 5.1 (2.0–13.2) Late-stage disease: 0.2 (0.1–0.6)

Baltimore Longitudinal Study 72 cases, 127controls 3.11 (1.11–8.74) 0.76 (0.30–1.94) 153
of Aging

Northern Sweden Health and 149 cases, 298 controls 1.72 (0.93–3.19) 1.83 (0.98–3.24) 154
Disease Cohort

The Washington County Serum 30 cases, 60 controls 0.6 (0.1–2.9) 1.1 (0.3–3.8) 155
Bank

ATBC Cancer Prevention Study 100 cases, 400 controls 1.00 (0.54–1.87) 0.71 (0.36–1.39) 84

Breast cancer

Nurses’ Health Study 397cases, 620 controls Premenopausal: 2.88 (1.21–6.85) Premenopausal: ND 156
Postmenopausal: 0.89 (0.51–1.55) Postmenopausal: ND

New York University Women’s 287 cases, 706 controls Premenopausal: 2.30 (1.07–4.94) Premenopausal: 2.17 (0.99–4.76)‡ 157
Health Study Postmenopausal: 0.95 (0.49–1.86)‡ Postmenopausal: 1.08 (0.54–2.16)‡

Swedish cohorts 513 cases, 987 controls Premenopausal: 0.63 (0.29–1.39)‡ Premenopausal: 1.37 (0.65–2.91)‡ 158
Postmenopausal: 1.29 (0.80–2.07)‡ Postmenopausal: 1.46 (0.92–2.32)‡

Kaiser Permanent Medical Care 126 cases, 126 controls Premenopausal: 3.49 (0.65–18.7) Premenopausal: 5.28 (1.13–24.7) 159
Program Postmenopausal: 0.77 (0.23–2.56) Postmenopausal: 0.32 (0.07–1.41)

Italian cohort (ORDET) 133 cases, 503 controls Premenopausal: 3.12 (1.13–8.60) Premenopausal: 2.31 (0.97–5.53) 127
Postmenopausal: 0.58 (0.24–1.36) Postmenopausal: 0.73 (0.30–1.74)

Two prospective cohorts — 149 cases, 333 controls Premenopausal: ND Premenopausal: ND 160
EPIC and PPHV Postmenopausal: 1.1 (0.6–2.1)‡ Postmenopausal: 1.6 (0.7–3.5)‡

Lung cancer

CARET 159 cases, 297 controls 0.64 (0.31–1.33) 2.35 (1.13–4.92) 83

Japan Collaborative 194 cases, 9351controls 1.17 (0.78–1.77) 0.67 (0.45–1.01) 161
Cohort Study

Shanghai, China 230 cases, 659 controls 0.73 (0.43–1.57) 0.56 (0.30–1.03) 162

New York University Women’s 93 cases, 186 controls 0.79 (0.29–2.19) 0.90 (0.36–2.25) 163
Health Study

*Highest versus lowest quantile relative risk (95% confidence interval). All relative risks are adjusted for the study matching factors and insulin-like growth factor 1 (IGF1) or 
IGF-binding protein 3 (IGFBP3), respectively, unless otherwise noted (‡). ATBC, α-tocopherol, β-carotene; CARET, β-Carotene and Retinol Efficacy Trial; EPIC, European
Prospective Investigation into Cancer and Nutrition; ND, not determined; ORDET, Hormones and Diet in the Aetiology of Breast Cancer.
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Recent research has shown that targeting IGF1R leads
to impressive antineoplastic activity in many in vitro
and in vivo models of common human cancers.
Strategies that have been used are illustrated in FIG. 4

and include administration of molecules to interfere
with ligand binding to IGF1R, such as IGFBPs, pep-
tide or small-molecule competitive binding antago-
nists, or blocking anti-receptor antibodies101,102,164;
antisense or SMALL INTERFERING RNA strategies to reduce
receptor expression103; introduction of a dominant-
negative IGF1R to interfere with receptor action104–106;
use of small-molecule IGF1R-specific tyrosine kinase
inhibitors107–109; and targeting signalling pathways
downstream of IGF1R with agents such as AKT or
TOR inhibitors40,110–112,165.

Reduction of IGF1 levels by the use of somato-
statin analogues113, GHRH antagonists114 or GH
antagonists115 has also been proposed, as these
approaches show efficacy in preclinical models.
Clinical trials of somatostatin analogues in advanced
breast cancer have been disappointing, but the long-
term reduction in IGF1 levels achieved by this strat-
egy was only modest116, probably because of the
development of compensatory mechanisms, such as
increased GHRH secretion, that serve to attenuate the
suppressive effect of somatostatin analogues on GH
and IGF1 levels.

Evidence that functional IGF1 receptors are neces-
sary for transformation induced by various means,
including oncogene activation or chemical carcino-
gens117, has led to optimism that IGF1R blockade
might be of therapeutic value in a broad spectrum of
malignancies97,118. Apart from possible activity as a
single agent, IGF1R blockade might potentiate vari-
ous existing therapies, including cytotoxic agents,
radiotherapy and therapies that target various steroid
or peptide-hormone receptors. The hypothesis that
targeting the IGF1R will increase the efficacy of other
antineoplastic treatments is based on evidence that
survival signals originating at this receptor limit the
efficacy of other treatments designed to induce apop-
tosis. For many cell lines, in vitro dose-response
curves of apoptosis-inducing cytotoxic agents can
easily be shifted by varying the concentration of IGF1
in the experimental system. In addition, it is possible
that the development of resistance to certain thera-
pies involves increased IGF1R activation. There is, for
example, in vitro evidence that increased IGF1R sig-
nalling confers resistance to compounds that target
ERBB2 and that IGF1R blockade can restore sensitiv-
ity to these compounds119. This evidence, together
with other examples such as synergistic induction of
apoptosis when small-cell lung cancer is targeted by
both c-KIT and IGF1R inhibitors120, indicates that
IGF1R blockade might sensitize certain cancers to
other kinase inhibitors.

Insulin and IGF1 half-receptors can form het-
erodimers121, but the tissue distribution of these mole-
cules remains a research topic. It is not yet clear to
what extent, if any, specific IGF1R-targeting strategies
will interfere with function of hybrid receptors.

directed against this receptor slowed the in vivo pro-
liferation of human breast cancer xenografts96. This
experimental result did not lead to immediate trans-
lational research, as it was obtained years before the
now widespread therapeutic use of antibodies and
also pre-dated current interest in tyrosine kinase
receptors as molecular targets in oncology. Nearly 15
years later, interest in targeting IGF1R has become
widespread7,97,98.

Preclinical models. Work with transgenic mice (for
example, REF. 14) adds to previous laboratory
evidence10,99,100 that IGF1 provided by the host stimu-
lates aggressive behaviour of established cancers.

SMALL INTERFERING RNAS

Small RNAs, typically 21–23
nucleotides in length, that can
interfere with expression of
specific genes.
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Figure 3 | Model of the influence of insulin-like growth factor 1 signalling on the
stepwise accumulation of somatic-cell genetic damage in carcinogenesis. The model
of stepwise accumulation of genetic damage leading to carcinogenesis can be extended to
include influences of insulin-like growth factor 1 (IGF1) signalling. These include favouring cellular
proliferation over arrest and cellular survival over apoptosis. This model provides a preliminary
biological framework to account for the observed association of higher levels of IGF1, or IGF1
receptor (IGF1R) activation, with cancer risk in epidemiological and laboratory studies. The
model predicts that stepwise accumulation of genetic damage is facilitated in individuals with
higher IGF1 levels because in these individuals there is a slightly higher rate of cell division
(increasing the risk of errors) and, perhaps more importantly, because the probability of
appropriate apoptosis of cells with a small number of ‘hits’ would be slightly reduced in a
microenvironment with higher levels of IGF1R activation. The figure greatly exaggerates the
magnitude of the hypothesized differences between ‘high IGF’ and ‘low IGF’ individuals in
proliferation and apoptosis for purposes of illustration. Very small differences in these
parameters, if applied to the very large renewing cell populations of organs such as the colon
over a timespan of decades could influence the probability of emergence of a fully transformed
clone. Colours indicate the following: yellow, normal cells; pale blue, cells containing one
mutation or hit; dark blue, cells containing two mutations or hits; purple, apoptotic cells.
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severe insulin resistance and diabetes due to an inacti-
vating mutation in AKT, indicating that complete sup-
pression of certain signalling pathways distal to the
insulin and/or IGF1R might well have adverse effects.

It is not obvious what cancer types are most likely to
respond to IGF1R targeting. Preclinical evidence provides
a rationale for clinical trials in multiple myeloma, breast,
prostate and colon cancer, sarcomas, and some other can-
cers. If the anatomical site of the cancer can not be relied
on to predict therapeutic response, it will be particularly
important to discover molecular ‘signatures’ associated
with high probability of clinical benefit of IGF1R target-
ing. Early research in this area indicates that IGF1R 
overexpression in biopsy specimens might not be a useful
predictor of responsivity to IGF1R-targeting drugs. This
is in contrast to experience in prediction of efficacy of
agents that block signalling through ERBB2, for which
receptor levels have been found to be useful in predicting
efficacy. This might be because the pathophysiology of
ERBB2 activation almost always involves receptor overex-
pression, whereas IGF1R activation seems to involve 
several mechanisms that lead to increased signal trans-
duction. Recent work122 indicates that specific somatic-
cell mutations in EGFR might allow prediction of
sensitivity to small-molecule EGFR inhibitors; the possi-
bility that an analogous situation exists for IGF1R is
under investigation. Phosphorylated IGF1R levels and
levels of IGF2 expression (indicating the presence of an
active IGF2–IGF1R autocrine loop) in cancer tissue are
further examples of candidate predictors of response to
IGF1R-targeting therapies that are being evaluated.

It would not be surprising if effective IGF1R blockade
was associated with a compensatory increase in circulat-
ing IGF1 levels, as receptors involved in IGF1 homeosta-
tic control would probably be blocked in parallel with
the target receptors on neoplastic cells. However, early
experimental results indicate that the increase in IGF1
level is insufficient to overcome the pharmacological
blockade. Furthermore, this phenomenon might be use-
ful: experimental results raise the possibility that changes
in IGF1 levels, as well as IGF1R phosphorylation levels in
skin biopsies — analogous to similar studies used in
evaluating EGFR blockade123 — might be useful as end
points in early dose-finding studies.

In certain experimental systems (for example, see 
REF. 104) IGF1R targeting shows antimetastatic activity.
This might relate to evidence that IGF1 stimulates 
ANGIOGENESIS, in part by upregulating VEGF expres-
sion124. Although this implies potential application of
IGF1R-targeting strategies in ADJUVANT TREATMENT

settings, it is clear that trials in individuals with
advanced disease represent necessary first steps to
establish dose and toxicity.

Further research directions
As many aspects of IGF physiology are incompletely
understood, clarification of IGF pathophysiology in
neoplasia is challenging. Indeed, potential relevance to
oncology has been one of the factors accelerating basic
research concerning IGFs. In this section we provide
examples of active research areas.

Towards clinical trials. Preclinical studies of IGF1R tar-
geting strategies have provided evidence of efficacy
comparable to that obtained for other antineoplastic
strategies that have subsequently been found to be clini-
cally useful. Some methods that successfully targeted
IGF1R experimentally, such as transfecting cells with a
dominant-negative receptor, are not immediately ready
for clinical evaluation because of general issues related
to optimization of gene-therapy methods. Others, such
as the use of orally active small-molecule IGF1R kinase
inhibitors or antireceptor antibodies, are expected to be
evaluated in clinical trials.

The design of such trials will be challenging: there is
a need to consider single agent activity, but as noted
above, preclinical research indicates that some of the
most promising applications might involve combina-
tions with current cytotoxic or endocrine therapies.
With respect to anticipated toxicity, the possibility that
therapies directed against IGF1R will lack sufficient
specificity to avoid co-targeting the insulin receptor
must be considered, and careful assessment of glucose
metabolism will be required. While dose-limiting toxic-
ity involving increased blood glucose has not been seen
in preclinical studies of IGF1R-targeting therapies so far,
vigilance is required. A recent study166 documented

ANGIOGENESIS

Development of new blood
vessels to supply blood to a
cancer, a process stimulated by
vascular endothelial growth
factor and that is necessary for
micrometastases to grow to a
clinically detectable size.

ADJUVANT TREATMENT

Following resection of a primary
cancer, adjuvant treatment of an
apparently well patient who
might have micrometastases is
given to prevent the later
development of microscopic
metastatic disease.

IGF1R

IRS1

P

P

PTEN

AKT

TOR

PI3K

Inhibitors of IGF1R 
expression;
e.g. antisense or siRNA

Inhibitors of 
kinase activity;
e.g. NVP-AEW541

Inhibitors of ligand 
binding; e.g. peptide or
small-molecule
competitive binding
antagonists or
antireceptor antibodies

AKT inhibitors

Rapamycin

Translation

IGF1

Figure 4 | Insulin-like growth factor 1 receptor targeting: therapeutic strategies. Work is
underway by many groups to develop pharmacological strategies to reduce signalling at and
downstream of the insulin-like growth factor 1 receptor (IGF1R), in the hope that this will lead to
compounds that are useful in cancer treatment. Approaches that will soon be tested clinically
following demonstration of antineoplastic activity in laboratory studies include the use of blocking
antibodies directed against the extracellular portion of the receptor and small-molecule tyrosine
kinase inhibitors with specificity for IGF1R. Small interfering RNA (siRNA) and antisense strategies
to reduce receptor expression, as well as transfection of altered or truncated IGF1R proteins that
act in a dominant-negative fashion to interfere with receptor function are additional approaches
that have been effective in laboratory studies. There is also great interest in therapeutic strategies
that target signalling pathways downstream of IGF1R. Important examples include AKT inhibitors,
and TOR inhibitors such as rapamycin and its analogues. IRS1, insulin-receptor substrate 1;
PI3K, phosphatidylinositol 3-kinase; TOR, target of rapamycin.
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with various current therapies. Therefore, initial clinical
trial design will probably involve empirical decisions.

What is the impact of insulin resistance on IGF1R 
signalling and cancer risk? Insulin resistance is a meta-
bolic syndrome characterized in part by hypergly-
caemia despite high levels of insulin and is commonly
found in obese individuals. It involves decreased
expression of IGFBP1 (REF. 13), which might increase
IGF1R activation in certain tissues. Studies examining
weight or serum markers of insulin resistance to can-
cer risk have detected relationships with risk of
endometrial126, breast127, prostate128 and colon can-
cer129, together with an adverse effect on prognosis of
breast130 and prostate131 cancer. It remains to be deter-
mined to what extent the mechanisms underlying
these emerging relationships are similar to those
underlying IGF1-related risk factors and to what
extent they involve the insulin receptor. An important
research area concerns the potential influence of
insulin-sensitizing drugs such as thiazolidinediones
on cancer risk and cancer behaviour.

These are significant questions in part because of
the need to address public-health implications of the
steep rise in obesity and insulin resistance that is
occurring in many countries132, particularly among
children. These trends have worrying implications for
cancer incidence. Furthermore, as height at puberty is
related to IGF1 level, the secular trend towards increas-
ing height that has been observed in certain popula-
tions over the past century133 indicates the possibility
that age-specific IGF1 levels might have been rising
during this time period, perhaps in relation to dietary
changes such as increased energy and protein intake.
The postulated increases of IGF1 and insulin levels
coincide with increasing incidence of cancers that are
associated with a ‘Western’ diet and lifestyle134–136, but
further research is needed to determine if there is a
causal relationship.

Is the relation between IGF1 and cancer risk relevant to
GH therapy or to ageing? GH-supplementation ther-
apy to achieve IGF1 levels that are higher than the age-
specific population normal is controversial137. This use
of GH has become surprisingly popular following
publication of short-term studies indicating that it has
short-term anabolic and ‘anti-ageing’ effects138, even
though these findings have been questioned139. It is
sobering to recognize that whereas pharmacological
measures to raise IGF1 levels have been proposed to
retard ageing, results from model organisms indicate
that such measures might have the opposite effect over
the long term1,8. The evidence concerning a relation
between cancer risk and IGF1 levels would indicate
that pharmacological methods to increase IGF1
beyond age-specific norms should be approached with
caution, and that when long-term GH therapy is med-
ically indicated to treat deficiency states, efforts should
be made to titrate the GH dose to achieve IGF1 levels
close to the age-specific mean levels in an appropriate
reference population140,141.

How are variations in circulating IGF1 levels related to
variations in IGF1R signalling? It is often assumed that
IGF1 serum levels can be used as a surrogate for IGF1
levels in interstitial fluid or for IGF1R signalling. Direct
evidence to test this plausible hypothesis is lacking at pre-
sent, but might become available as the methodology for
measuring IGF1R activation in tissues improves.
Experimental evidence that cellular proliferation
increases with increasing circulating IGF1 concentra-
tion74,125 is consistent with this hypothesis. It is likely that
the relation between the circulating levels and tissue
bioactivity is complex. For example, higher circulating
levels of IGFBPs might increase IGF1 concentration by
increasing its circulating half-life, but this might not
reflect an increase in receptor activation at the tissue
level. Polymorphisms that influence the function of
IGF1R itself 34,52 or downstream signalling proteins
would also be expected to add complexity to the relation
between circulating IGF1 levels and IGF1R signalling.

What is the best IGF1R-targeting strategy to test 
clinically? Recent successes in development of small-
molecule IGF1 tyrosine kinase inhibitors, blocking anti-
bodies against the IGF1 receptor, and agents that block
signalling downstream to the receptor pose challenges to
translational scientists seeking to design clinical trials.
Kinase inhibitors have potential advantages including
convenient oral administration. On the other hand, strict
specificity for IGF1R has been documented only at cer-
tain concentrations under carefully controlled in vitro
conditions. Therefore, it is difficult to predict a priori to
what extent these agents will be specific for IGF1R dur-
ing long term in vivo use, where tissue concentrations
might vary. The potential for loss of strict specificity for
IGF1R might be problematic from the point of view of
toxicities, but on the other hand might be advantageous
if other kinase targets are contributing to the molecular
pathology of the cancer being treated. If toxicity is prob-
lematic for the kinase inhibitors, then receptor-targeting
antibodies might have important advantages.

Targeting downstream signalling elements such as
AKT that integrate signals from several kinds of cell-
surface receptors has the potential to circumvent certain
resistance mechanisms that might limit efficacy of
blockade of IGF1R or other cell-surface receptors.
Blockade of any particular type of cell-surface receptor
might create selection pressure favouring survival of
tumour cells that can compensate for blockade by
increased signalling through alternate receptors.
Resistance to ERBB2 blockade by increasing IGF1R sig-
nalling119 (or vice versa) in vitro indicates that this
process is plausible, but studies in clinical specimens
have not been undertaken so far. On the other hand, the
potential toxicity of agents that interfere with signalling
originating at several receptors might exceed that associ-
ated with agents that target a specific receptor.

The general goal of evaluating the efficacy of IGF1R
targeting in clinical trials does not presently imply a spe-
cific targeting strategy, a particular pharmacodynamic
evaluation to assure successful target blockade, a specific
tumour type or any specific therapeutic combinations
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also have a longer life expectancy than controls142.
Consistent with these results, mice heterozygous for
the IGF1 receptor were recently shown to have
extended life expectancy143. These examples provide
an interesting contrast to mice with increased p53
activity144,145, which are resistant to carcinogenesis but
show premature ageing.

What mechanisms might underlie the experimental
results that indicate increased life expectancy and
reduced cancer risk in animals with low IGF1, and yet
be compatible with the anti-apoptotic and prolifera-
tion-stimulating effects of IGF1 at the cellular level? One
concept that deserves re-examination is the notion of
‘rate of living’ (FIG. 5). It is plausible that somatic-cell
DNA damage, which contributes to both carcinogenesis
and ageing, accumulates as a function of the number of
cell divisions following ovum fertilization. In individu-
als with higher IGF1 levels, the rate of cell division in
renewing somatic tissues might be greater than in indi-
viduals with lower levels. In a Darwinian sense, this
would be expected to be associated with certain advan-
tages, such as more rapid wound healing and earlier
achievement of adult body size. At the cellular level, a
consequence of the hypothesized higher rate of cell divi-
sion associated with higher IGF1 levels would be that at
any arbitrary organism age, those individuals with
higher IGF1 levels would have undergone a higher
number of somatic-cell divisions in renewing epithelial-
cell populations. By the ‘clock’ of number of cell divi-
sions, individuals with higher IGF1 levels would be 
ageing faster. Those with lower IGF1 levels, by spacing
cell divisions more widely, would be ageing more slowly
with reference to an external clock. Consistent with the
model is early evidence from murine, primate and
human studies that epithelial-cell turnover rates vary
with IGF1 levels74,125,146. Quantitative studies of this
important issue are limited by precision of current
methods: variability between persons in mean half-life
of colon epithelial cells by as little as a few hours would
result in a huge difference in the number of cell divi-
sions over decades of life. Evidence that mice strains that
grow to larger sizes have shorter life expectancies147 is
consistent with the model. The fact that cancer risk
increases with age whereas IGF1 levels decline with age
does not represent evidence against the hypothesis,
because in stepwise carcinogenesis DNA damage accu-
mulates over decades; important determinants of cancer
risk late in life operate in early and midlife.

Conclusion
More than a decade has passed since the hypothesis
that IGF1 signalling is relevant to human neoplasia was
formulated. Although laboratory research implicates
many molecular signals in the neoplastic process, the
IGF system provides a rare example where evidence is
accumulating from both population studies and labo-
ratory research. In the coming years, it is likely that con-
clusions relevant to cancer prevention and treatment
will emerge from large-scale population studies con-
cerning risk, clinical trials of IGF1R-targeting therapies
and ongoing laboratory work.

In animal models ranging from Caenorhabditis
elegans to mice, life expectancy has been found to be
inversely related to IGF signalling1,8. Homozygosity
for the Lit mutation, which inactivates the GHRH
receptor, results in small mice with subnormal levels
of circulating IGF1 (REF. 99). Interestingly, these ani-
mals provide an environment that is less permissive
for neoplastic proliferation than controls87,99 and 
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Figure 5 | Why is life expectancy increased when insulin-like growth factor 1 levels are
reduced? Experimental results provide convincing evidence that in several experimental
organisms, decreased insulin-like growth factor 1 (IGF1) signalling is associated with increased
lifespan, even though in cell-culture systems reduced IGF1-receptor (IGF1R) activation increases
the likelihood of cell death. A model to account for the increased lifespan associated with reduced
IGF1 signalling is related to the classic ‘rate of living’ hypothesis. It is plausible that the process of
ageing is related to the number of cell divisions since conception (although other factors are also
involved). If the rate of cell turnover increases with higher levels of activation of IGF1R or related
receptors, then at any fixed chronological age, there will have been more cell divisions in the
ancestry of IGF-responsive cells of individuals with higher levels of receptor activation, compared
with individuals with lower levels of activation. By the measure of ‘number of cell divisions since
conception’, at an arbitrary number of years since conception, the individual on the right has aged
faster than the individual on the left. If the process of ageing proceeds at least in part as a function
of the number of cell divisions since conception, rather than as a function of elapsed time since
conception, the individual on the left would live longer. 
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