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Insulin and insulin-like growth factor
signalling in neoplasia

Michael Pollak

Insulin-related signalling systems evolved millions of
years ago, predating the appearance of vertebrates'?.
The ancestral functions of these systems differed from
their relatively recent and specialized roles in regulation
of carbohydrate metabolism and growth. For example,
in Caenorhabditis elegans, signalling molecules related
to the insulin receptor and insulin-like growth factor 1
(IGF1) receptor (IGF1R) have roles in regulating cell
fate and lifespan in relation to nutrient availability?®, and
the insulin receptor is required for normal embryogen-
esis in zebrafish?. Therefore, it is plausible that physi-
ological roles for insulin and IGF signalling in humans
could extend beyond those currently recognized to be
medically relevant.

FIGURE 1 highlights some of the key events that
over time have led to the currently intense interest in
the roles of insulin and IGFs in cancer biology. This
research has culminated in the current clinical trial
evaluation of more than 10 drug candidates targeting
IGF1 signalling and in investigations of the hypothesis
that use of metformin — an antidiabetic drug that
lowers glucose and insulin levels® and attenuates the
reponse of cancer cells to insulin in vitro®” — might
be associated with reduced cancer incidence and
mortality®®.

We and others have previously presented overviews
of the molecular physiology and structural biology
involved in insulin and IGF signal transduction®'®!"12,
and therefore the emphasis of this Review is on the
more recent findings that are relevant to cancer biol-
ogy. As cellular energy balance is receiving increasing

Abstract | Insulin and insulin-like growth factors (IGFs) are well known as key regulators of
energy metabolism and growth. There is now considerable evidence that these hormones
and the signal transduction networks they regulate have important roles in neoplasia.
Epidermiological, clinical and laboratory research methods are being used to investigate
novel cancer prevention and treatment strategies related to insulin and IGF signalling.
Pharmacological strategies under study include the use of novel receptor-specific
antibodies, receptor kinase inhibitors and AMP-activated protein kinase activators such as
metformin. There is evidence that insulin and IGF signalling may also be relevant to dietary
and lifestyle factors that influence cancer risk and cancer prognosis. Recent results are
encouraging and have justified the expansion of many translational research programmes.

attention as a cancer research topic'*~'%, links between
cancer energetics and insulin and/or IGF physiology
are highlighted, paying particular attention to the
concept that whole organism level insulin physiol-
ogy might link host energy balance to cellular cancer
energetics .

Insulin and IGF signalling systems

Insulin and IGFs differ from many other regulatory
peptides that are relevant to cancer because they regu-
late physiology at both the whole organism level and
the cellular level. Epidermal growth factor (EGF) and
platelet-derived growth factor are examples of peptides
that have important local regulatory roles at the cellular
and tissue levels, but there is little evidence to suggest
that circulating levels of these growth factors are physi-
ologically meaningful. Insulin and IGFs have properties
of tissue growth factors, but also have additional well-
recognized functions as hormones that regulate growth
and energy metabolism at the whole organism level. In
fact, their physiologies (and pathophysiologies) as sys-
temic hormones were recognized long before the details
of their signalling mechanisms at the cellular level were
described.

The key pathways at the whole organism and cellu-
lar levels that are referred to in this Review are shown
in FIC. 2. It is important to recognize that not all tissue-
specific aspects of the cellular signalling systems are illus-
trated; for example, most work that describes the cellular
signalling network downstream of the insulin receptor has
been carried out in classic insulin-sensitive tissues, such as
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At a glance

e Insulin and insulin-like growth factor (IGF) signalling systems are ancient and involve
regulation of physiology in ways beyond their well-known medically recognized roles
concerning regulation of carbohydrate metabolism and growth.

e There is substantial experimental and clinical evidence that cancer cells express
insulin and IGF1 receptors, and that these receptors are important activators of the
Akt and mitogen-activated protein kinase signalling networks in neoplastic tissue.

* Population studies provide substantial direct and circumstantial evidence that cancer
risk and cancer prognosis are influenced by IGF1 and insulin levels.

* Preclinical evaluation of drug candidates that target IGF1 and/or insulin signalling
has revealed antineoplastic activity.

* At least 10 different drug candidates are being evaluated in clinical trials; early
results have justified expansion of clinical trial programmes.

* Energy metabolism is an important topic in cancer research. IGF1 and insulin might
have roles, along with other regulators, in mediating effects of perturbations of whole
organism energy balance (for example, dietary excess, caloric restriction and
exercise) on cellular energy physiology.

muscle and fat, and it is not clear whether this network is
identical in normal or transformed epithelial cells.

Receptors. An ancestral insulin-like receptor arose early
in evolution and has important roles in Drosophila mela-
nogaster and C. elegans®'". The need to regulate cellular
uptake of glucose independently of cell survival and pro-
liferation probably led to the evolution of distinct IGFRs
and insulin receptors in more complex animals.

In humans, IGF1Rs and insulin receptors are widely
expressed on normal tissues. Both types of receptors have
tetrameric structures, characterized by two ‘half recep-
tors, each of which in turn comprises a predominately
extracellular o-chain that is involved in ligand binding
and a predominately intracellular B-chain that includes
the tyrosine kinase domain®. Cells that co-express the two
receptor genes present not only insulin and IGF1Rs, but
also ‘hybrid receptors” formed by an insulin half recep-
tor and an IGF1 half receptor'®". The biosynthesis and
trafficking of the receptors involves the chaperone pro-
tein heat shock protein 90 (HSP90), implying that insu-
lin receptors and IGF1Rs are among the targets of the
HSP90 targeting agents that are currently being evalu-
ated for antineoplastic activity?*-?2 It is also of interest
that IGF2R does not transduce a signal, but rather acts
to reduce the bioactivity of IGF2 by sequestering it away
from the IGF1R. Consequently, IGF2R has properties of
a tumour suppressor gene>.

There are some differences but many similarities in
the signalling pathways encountered downstream of the
insulin and IGF1 receptors . Therefore, an important
challenge in the field is to understand the basis for the
different bioactivities of insulin (predominately carbo-
hydrate metabolism regulation) and the IGFs (predomi-
nately proliferation control) in normal whole organism
physiology. On the one hand, it is possible that differ-
ences in the specificity of the receptor tyrosine kinase
activities of the two receptors have a crucial role. On the
other hand, it is also possible that differential sensitivity
of different cell types to the two ligands could contribute
to the different in vivo consequences of insulin infusion

as compared with that of IGF1. These differences might
be attributable to different levels of expression of
the two receptor genes and/or to modulation of IGF
bioavailability by IGF binding proteins (IGFBPs).

It is well known that IGF1R is commonly expressed
by neoplastic cell lines and human cancers (for exam-
ples see REFS 24-26), and that many cancer cell lines are
mitogenically responsive to physiological concentrations
of IGFs™. It is also clear that insulin increases the pro-
liferation of neoplastic cell lines?. In some cases, these
results were obtained with pharmacological doses of
insulin that activate IGFIR in vitro but which are not
physiologically relevant (as they would possibly cause
fatal hypoglycaemia in vivo); in other cases, it appears
that insulin is acting at physiological concentrations
(0.1-1 nmol per litre) through the insulin receptors
expressed by neoplastic cells”.

There is a surprising paucity of rigorous studies of
insulin receptor expression by primary human cancers,
but recent reports (for examples see REFS 25,26,28) based
on immunostaining of tissue microarrays and/or sur-
veys of gene expression databases suggest that the insulin
receptor is indeed commonly expressed by human neo-
plasms. In contrast to the ERBB2 receptor, gene ampli-
fication associated with substantial overexpression and
ligand-independent activation is uncommon for both
the insulin receptor and the IGF1R.

There is preliminary evidence that the insulin recep-
tor IRA isoform is commonly expressed by neoplastic
cells'?. This might be important in view of data sug-
gesting that this fetal splice variant of the insulin recep-
tor is more responsive to activation by IGF2 than the
IRB isoform, which is commonly expressed by classic
insulin-sensitive tissues in adults. The basis and signifi-
cance of preferential expression of IRA (as well as of the
IRA-IGFIR hybrid receptor) by cells of neoplastic tissue
are under study by many laboratories. Also under inves-
tigation is the possibility that there are tissue-specific
differences in the signalling networks downstream of
the insulin receptor in classic insulin-responsive tissues
(such as fat, liver and muscle), in which effects on energy
metabolism are dominant, as compared with those in
normal or transformed epithelial cells, in which the
consequences of insulin receptor activation might have
important effects on cell survival and proliferation.

Ligands. With rare exceptions**, insulin is produced by
pancreatic B-cells and reaches neoplastic tissue through
the circulation. By contrast, although the bulk of cir-
culating IGF1 and IGF2 is produced in the liver, these
peptides are frequently expressed within neoplastic tis-
sue, so they might influence cancers through autocrine,
paracrine or endocrine mechanisms.

The gene encoding IGF2 is imprinted, so loss of
imprinting is one mechanism that could account for its
frequent overexpression in neoplastic tissue®'. Evidence
that IGF2 is the single most overexpressed gene in color-
ectal neoplasia relative to normal colorectal mucosa®
raises the possibility that this overexpression is not ran-
dom; rather, it may confer growth and survival advan-
tages that are selected for during neoplastic progression.
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Figure 1| Timeline of key findings related to the roles of insulin and insulin-like growth factors (IGFs) in
neoplasia. In 1922, the first clinical use of insulin (to a 12-year-old diabetic patient only a year after its discovery) was a
milestone in the history of medicine!’’. Less widely appreciated was an early report revealing the mitogenic activity of
insulin®®, This was extended in the 1960s with the demonstration of mitogenic activity of insulin for experimental
cancers*®. The initial observation of IGF bioactivity was made in 1957 (REF. 182). In the 1980s, the genes for the ligands
insulin, IGF1, and IGF2 and their receptors were characterized'®*-18, Significantly, both the insulin receptor and the IGF1
receptor (IGF1R) were noted to have sequence homology with oncogenes of the tyrosine kinase class'®. In vitro mitogenic
activity of IGF1 for human breast cancer cells was demonstrated in 1984 (REF. 47).1n 1987, the presence of IGF1R was
demonstrated on human cancers, and the possibility of extending the paradigm of hormonal treatment of cancer from
targeting gonadal steroids to targeting peptide mitogens such as the IGFs was raised*. Only 2 years later, in vivo
anti-neoplastic activity of an IGF1R-specific antibody was demonstrated®, but this did not lead to immediate
investigations of potential clinical applications. In the 1990s, many laboratory experiments (for examples see REFS 49-52;
reviewed in REFS 10,190) suggested that IGFs can stimulate neoplastic growth of cancers. Population studies carried out
in the late 1990s (for an example see REF. 79; reviewed in REF. 10) provided a separate line of evidence suggesting
relevance of IGF signalling to cancer by uncovering evidence of a relationship between circulating IGF1 concentration
and cancer risk. By 2000, drug development programmes to design novel agents to target IGF1 signalling were proposed.
Many drug candidates (for examples see REFS 54-56,191) were shown to have antineoplastic activity in laboratory
models. Some of the results were impressive enough to lead to decisions to initiate clinical trials'*2. The results of the first
phase | studies of IGF1R-specific antibodies were reported in 2007. By 2008, data concerning safety and efficacy were
encouraging enough to lead to the expansion of phase Il clinical trial programmes and the launching of large phase llI
clinical trials (for examples see REFS 102-118). Meanwhile, interest in the relevance of insulin (as distinct from IGFs) to
neoplasia has also increased****'% This is due to reports documenting insulin receptor expression on neoplasms!%2>2628
and to evidence that higher circulating insulin levels are associated with adverse cancer outcomes**#%9+%. Use of the
insulin-lowering drug metformin in cancer patients is currently being investigated.

Binding proteins. The bioactivity of IGFs is modu-
lated by IGFBPs, which have high affinity for both
IGF1 and IGF2. In general, IGFBPs limit IGF access
to IGF1R, thereby attenuating the bioactivity of these
growth factors®. The tumour suppressor p53 (REF. 34), as
well as many growth inhibitors including vitamin D%,
anti-oestrogens™®, retinoids¥, and transforming growth
factor-P (TGFp*), reduce IGF bioactivity by increasing
the secretion of IGFBPs*. It is of interest that the cir-
culating concentration of insulin (~0.5 nmol per litre)
is considerably lower than that of IGF1 (~20 nmol per
litre) or IGF2 (~90 nmol per litre). This is compatible
with the view that insulin has direct access to its recep-
tor, whereas IGF1 faces binding competition from the
IGFBPs, and IGF2 from both IGFBPs and IGF2R.
However, in certain contexts, overexpression of
IGFBPs (particularly IGFBP2 and IGFBP5) is asso-
ciated with increased rather than decreased IGF
action, with adverse effects on cancer prognosis and
with loss of function of PTEN*. The mechanisms
involved in this aspect of IGFBP physiology remain

incompletely described, but are the subject of intense
investigation (for an example see REF. 41). One hypoth-
esis is that the secretion of these high-affinity IGFBPs
increases the concentration of ligands in the tumour
microenvironment; whereas these bound ligands are
initially in an inactive state, they may be released as
continuously bioavailable ligands owing to the action
of IGFBP proteases that are secreted by neoplastic
cells. Another hypothesis is that IGFBP2, by virtue
of its integrin binding site, may be involved in activa-
tion of integrin-linked kinase*?. Targeting IGFBP2 and
IGFBP5 expression with antisense approaches reduces
neoplastic proliferation in vivo and in vitro®.

The concept that IGFBPs have biological activities
that are independent of their IGF binding properties is
not new™®. A recent study suggests that certain IGFBPs
modulate Wnt signalling in a manner that is influenced
by the local concentration of IGF ligands*. This find-
ing deserves follow-up as it implies the existence of a
network linking two important signal transduction
pathways.
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Figure 2 | Key elements of insulin-like growth factor (IGF) signalling at the cellular
and whole organism levels. a | At the cellular level, the ligands IGF1, IGF2 and insulin
bind to various members of the insulin receptor (IR)-IGF1 receptor (IGF1R) family.
Whereas insulin has direct access to its receptors, the bioavailability of IGF1 is
influenced by IGF binding proteins (IGFBPs), and that of IGF2 is influenced by both
IGFBPs and IGF2R, which binds IGF2 but does not transduce a signal. The receptors are
tetrameric structures composed of ‘half receptors’, each of which in turn comprises an
a-chain, which is predominately an extracellular binding domain, and a -chain which
is predominately an intracellular domain that has tyrosine kinase activity regulated by
ligand binding. Whereas there is only one kind of IGF1R, two kinds of insulin half
receptors can arise from alternative splicing; these are known as IRA and IRB. The

half receptors associate according to their relative abundance into ‘pure’ insulin
receptors, ‘pure IGF1 receptors’ or various hybrid receptors. Downstream of

these receptors are the well-known Akt and MAPK intracellular signalling networks.
Certain effects of insulin and IGFs can be limited by drugs or nutritional conditions that
alter AMPK (AMP-activated protein kinase) signalling or mTOR signalling. b | At the
whole organism level, circulating IGF1 and IGF2 are produced mainly in the liver (the
former under dominant growth hormone control), whereas insulin is produced by the
pancreatic 3 cells. In general, the only source of insulin in neoplastic tissue is that
delivered by the circulation, whereas IGF1 and IGF2, as well as being delivered from
the circulation, are also frequently produced in autocrine and paracrine manners.
AICAR, 5-aminoimidazole-4-carboxamine ribonucleotide; GH, growth hormone;
GHRH, GH-releasing hormone; IRS, insulin receptor substrate; SMS, somatostatin;
TSC, tuberous sclerosis complex.

Are insulin and IGF signalling relevant to cancer?
The evolving consensus that insulin and IGF physiology
are relevant to neoplasia arises from converging results
from independent lines of investigation. Population
studies have provided evidence that relate circulating
ligand levels as well as polymorphic variation of relevant
genes to cancer risk and prognosis. Laboratory models
have provided further evidence that is consistent with
the population studies as well as experimental validation
of various therapeutic targeting approaches.

Laboratory studies. Experimental investigations of the
function of insulin in neoplasia preceded those focusing
on the functions of IGFs. Early studies not only showed
that insulin at physiologically relevant concentrations
stimulates DNA synthesis in breast cancer cells”, but
also provided evidence that insulin deficiency is associ-
ated with less aggressive cancer proliferation in vivo*.
Until the recent resurgence of interest*, however, little
attention was given to following up on these observations
made more than 20 years ago, probably because of the
assumption that any attempt to reduce insulin-stimulated
signalling in cancers would have grave metabolic
consequences for the host.

IGF1R targeting strategies were first proposed over
20 years ago, when IGF1Rs were detected on human
cancers*. Many subsequent in vitro and in vivo models
provide, overall, convincing evidence for a role of IGF1R
in neoplasia. Initial in vitro experiments demonstrated
dose-dependent increases in neoplastic cell proliferation
with increasing IGF1 concentration®. Work by Baserga
and colleagues* showed that the transforming action of
many oncogenes required, or was facilitated by, IGF1
signalling. In vivo models using naturally occurring
mutations associated with low IGF1 levels**, or genetic
manipulations®®, to influence ligand levels showed
that in vivo tumour growth is influenced by the IGF1
physiology of the host. A translational research approach
showed that a pattern of gene expression induced by
IGF1 could predict poor outcome in patients with breast
cancer®.

More recently, several drug candidates that target
IGF1 signalling were found to have anti-neoplastic
activity in vivo, both as single agents and in combina-
tion with currently approved drugs (for examples see
REFS 54-58). The influence of host hyperinsulinaemia on
cancer behaviour has been the subject of recent experi-
ments (for example see REF. 59). In general, these results
provide strong (but circumstantial) evidence that hyper-
insulinaemia may be a mediator of the adverse effect of
obesity on cancer prognosis.

Population studies. Studies of acromegalics® and Laron
dwarfs® have been undertaken to examine influences
of IGF1 excess and deficiency on cancer in humans.
Although they provide limited evidence in favour of a
relationship between higher levels of IGF1 and malig-
nancy, they are not definitive. In both cases, treatment of
the endocrine disorder may complicate interpretations,
and both conditions are rare enough that assembly of
large cohorts is challenging.
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Epidemiological research provides direct and
circumstantial evidence for the relevance of insulin
and IGFs to neoplasia. Examples of circumstantial
evidence include observations concerning somatic
growth patterns and mammographic density. Given
that IGF1 is known to influence growth patterns®,
it is of interest that well-controlled studies provide
evidence that height and birthweight (which is related
to the concentration of IGF1 in the umbilical cord®®)
are related to risk of some cancers®~*, and that breast
cancer in particular is related to patterns of peri-
pubertal growth®. Mammographic breast density, a
strong risk factor for breast cancer, has been related
both to the level of circulating IGF1 (REFS 69,70) and
to polymorphisms in IGF-related genes’"” A final
example of circumstantial evidence of the relationship
between IGFs and neoplasia concerns gastric bypass
surgery for obesity. This lowers cancer mortality sub-
stantially”>’* and is associated with metabolic changes
including a reduction in insulin levels”.

Rigorous prospective studies provided evidence for
a relationship between the levels of circulating IGF1
and the risk of developing prostate, breast, colorectal
or other cancers (for examples see REFS 76-82), such
that individuals at the high end of the normal range of
serum IGF1 concentration had more than double the
risk of a subsequent cancer diagnosis of those at the low
end of the normal range. Some of these early reports
also described a finding that higher circulating levels of
IGFBP3 were associated with reduced cancer risk, which
was interpreted as reflecting an influence of IGFBP3 in
reducing IGF1 bioactivity, in keeping with laboratory
studies’®””. However, follow-up studies (for an exam-
ple see REF 83) have failed to confirm these reports, or
have revealed weaker relationships. The basis for these
inconsistencies is under investigation by several research
groups. Technical challenges in measurement methods
and confounding aspects of uncharacterized factors that
act as modifiers of the IGF1-risk relationship are possible
explanations.

Is it biologically plausible that the levels of circulat-
ing IGF1 are related to cancer risk? Early in carcino-
genesis, as somatic cell mutations lead to accumulating
DNA damage in an at-risk cell, the IGF bioactivity in
the cellular microenvironment might be a crucial fac-
tor that influences the fate of the cell, that is, whether
it will survive and evolve into a frankly malignant cell
lineage or undergo apoptotic death. Given that IGF1R
activation activates pro-survival signalling pathways®*,
the balance between apoptotic cell death versus sur-
vival of damaged cells might be slightly tipped towards
survival in a ‘high-IGF’ environment, consequently
favouring the emergence of a malignant clone. Many
other factors also influence this process but, over
many years, and considering that the fate of millions
of DNA-damaged cells is determined every minute,
even a modest influence of higher IGF1 level on cell
survival probability might lead to an association of
circulating IGF level with cancer risk. Alternatively,
it is possible that higher amounts of IGF1 simply
favour the more rapid proliferation of early cancers to
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the point at which they are clinically detectable. This
hypothesis would predict that if one had a means
to detect tumours one millimetre in diameter, the
number of these lesions would be unaffected by the
levels of IGF1. Rather, such lesions would be common
in all adults, and the risk of a clinical cancer diagnosis
would reflect the probability of these lesions progress-
ing towards a detectable and clinically significant size,
this process being influenced by the amount of IGF1.
Findings in the case of prostate cancer are consist-
ent with this hypothesis. First, autopsy studies show
that undetected prostate cancers are common and are
present in the majority of adult men®. Second, there
is evidence that risk of a new prostate cancer diagno-
sis is more closely associated with baseline IGF1 level
during the years of follow-up than with a population
screened for levels of prostate-specific antigen” .
This suggests that the IGF1 level is more related to the
probability of progression of early lesions than to the
process of early carcinogenesis.

Genetic studies (for examples see REFS 86-88) pro-
vide evidence, methodologically unrelated to serum
assays, that implicates IGF1 physiology in cancer risk. A
recent report® suggests that, in some individuals, high
levels of IGF1 are in fact associated with reduced IGF1R
activation owing to subtle variants of IGF1R that are
deficient in signalling activity. In this situation, homeo-
static control mechanisms raise the ligand levels in the
serum in an attempt to compensate. In such cases, the
assumption that higher amounts of ligand in the serum
can be used as a surrogate for higher levels of signalling
may be false, and this would attenuate any association
between IGF1 serum levels and cancer risk. More work
needs to be done to investigate this issue and to clarify
the frequency of this kind of receptor variant in different
populations.

A topic of increasing interest concerns the influ-
ence of IGF1 and insulin on cancer prognosis, as dis-
tinct from cancer risk. Available evidence® suggests
that measures of hyperinsulinaemia are associated
with worse cancer outcome, whereas IGF1 levels are
less important as prognostic factors. The biological
basis for the apparently stronger relationship between
insulin levels, as opposed to IGF1 levels, with cancer
is under investigation. One possibility is that the level
of insulin receptor may be higher than that of IGFIR
in established cancers, whereas the reverse may be the
case in at-risk but untransformed epithelial cells. It
is also plausible that the levels of circulating IGF1 or
IGF2 fail to reflect significant local effects of autocrine
or paracrine production of these ligands by aggressive
cancers.

Obesity is associated with excess cancer mortal-
ity?” and this might be mediated at least in part by
obesity-associated hyperinsulinaemia. The hypothesis
is that certain insulin-receptor-positive cancers may
remain insulin-sensitive even in a patient exhibiting
obesity-related insulin resistance in classic insulin
target tissues. In view of the increasing prevalence of
obesity, this topic has considerable relevance to public
health.
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Targeting strategies

At the time of publication of our last Review in this
journal', IGF1R targeting strategies were only the
subject of laboratory research, and we cited model sys-
tems that suggested impressive antineoplastic activity.
Progress has been substantial in recent years, and the
field has moved to more sophisticated models (for exam-
ples see REFS 98,99) and clinical trials. Targeted strategies
(FIG. 3) include, on the one hand, a reduction of ligand
levels or bioactivity, and, on the other hand, inhibition
of receptor function using receptor-specific antibodies
or small-molecule tyrosine kinase inhibitors. In contrast
to the history of early drug development for molecular
targets such as ERBB2, many different drug candidates
that target the IGF1R are being evaluated simultane-
ously in dozens of ongoing clinical trials. Activators of
AMP-activated protein kinase (AMPK) are also being
studied not only because they lower the amounts of
circulating insulin, but also because there is evidence
that they act as anti-proliferative agents by reducing
signalling downstream of insulin and IGF1Rs®’.

Z) b%cood
o
A

Receptor
inihibitor

Downstream Anti- Anti-
pathways ligand receptor

Figure 3 | Anti-ligand, anti-receptor and receptor
tyrosine kinase inhibition approaches to targeting.
a | The binding of insulin or insulin-like growth factors
(IGFs) to their receptors induces a variety of downstream
signalling pathways. b | Ligand targeting strategies involve
pharmacological measures that attempt to lower ligand
concentration or the use of ligand-specific antibodies.
Somatostatin analogues were found to cause only a
modest reduction of serum insulin and IGF1, which
correlated with a lack of anti-neoplastic activity*®.
Metformin reduces insulin levels, especially in subjects who
are hyperinsulinaemic at baseline, but certainly does not
eliminate insulin signalling, and has only minor effects on
the levels of IGF1 or IGF2. ¢ | Most receptor-specific
antibodies effectively block the IGF1 receptor (IGF1R) as
well as insulin receptor-IGF1R hybrids, but have no effect
oninsulin receptors. d | The tyrosine kinase inhibitors have
more general activity against all members of the insulin
receptor—IGF1R family, but the relative inhibitory activity
for the various receptor types in vivo remains the subject of
ongoing research, as does their biodistribution in classic
target organs for insulin action such as fat and muscle, as
compared with neoplastic tissue. The metabolic toxicity of
these agents (in terms of hyperglycaemia) may vary
according to the extent to which they accumulate in
classic insulin target tissues.

Ligand-targeting approaches. First-generation strate-
gies that included the use of somatostatin analogues to
reduce circulating IGF1 levels were unsuccessful. One
of the largest clinical trials using this approach'® fortu-
nately included a translational science component that
showed that the desired suppression of ligand levels was
not achieved, so the negative results represent a failure
of a particular strategy, rather than evidence that the tar-
get is unimportant. Other approaches, such as ligand-
specific antibodies™ or growth-hormone antagonists'®
show interesting preclinical potential.

Receptor-specific antibodies. Many receptor-specific
antibodies have been studied preclinically, and several
are being evaluated in clinical trials. To date, the larg-
est clinical experience has been with the Pfizer anti-
body CP-751871 (REFS 102-108). In general, toxicity has
been acceptable, and early clinical results have not only
revealed activity in terms of pharmacodynamic end-
points, but have also suggested that administration of the
antibody during chemotherapy significantly improves
response rate in patients with non-small-cell lung cancer.
The most recent available update'® showed the larg-
est improvement was in squamous cancers (response
rate to chemotherapy alone 41%; with antibody
72%). Squamous lung cancers were noted to express
higher levels of IGFIR than other histological types.
Ongoing research will reveal whether this early result is
confirmed in phase III clinical trial studies, and if it
affects survival endpoints.

Additional IGF1R-specific antibodies have been
developed. Those for which early clinical trial data have
been reported include AMG479 (Amgen)'*®'!°, AVE1642
(Sanofi-Aventis)''*2) A12 (Imclone)'*-1'>, MK0646
(Merck)"®"” and R1507 (Roche)''. Although these
antibodies differ with respect to IgG subclass and serum
half-life, they share many similarities. These include a
generally favourable toxicity profile without dose-limiting
toxicity and disease stabilization or response in a minority
of patients in phase I single-agent clinical trials. Several of
the antibodies have induced objective responses in meta-
static, chemotherapy-refractory Ewing sarcoma (FIG. 4),
although it is clear that not all patients with this disease
respond in a similar manner. Initial evaluation of MK0646
included pharmacodynamic studies on neoplastic tissue,
which revealed reduction of phospho-Akt and phos-
pho-$6 kinase, both of which function downstream of the
receptor, as well as downregulation of receptor levels and
reduction in proliferation estimated by Ki67 staining'"’.
IGF1R-specific antibodies are now being evaluated in
phase II clinical trials for many oncological indications in
various combinations with approved agents. Larger phase
III clinical trial studies are also being launched; one of
the first is a Pfizer study comparing standard chemother-
apy for non-small cell lung cancer with chemotherapy
combined with CP-751871.

A compensatory increase in the circulating con-
centrations of growth hormone and IGF1 occurs on
administration of IGF1R-specific antibodies (FIC. 5).
This was predicted' and is reminiscent of the rise
in oestrogen levels that results from treatment with

920 | DECEMBER 2008 | VOLUME 8

www.nature.com/reviews/cancer

© 2008 Macmillan Publishers Limited. All rights reserved


http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=5563&ordinalpos=2&itool=EntrezSystem2.PEntrez.Gene.Gene_ResultsPanel.Gene_RVDocSum

Baseline
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Figure 4 | An example of an objective response to monotherapy with an
insulin-like growth factor 1 receptor (IGF1R)-specific antibody. The computed
tomography images demonstrate an objective response of metastatic Ewing sarcomain
a 12-year-old patient to single agent treatment with the IGF1R-specific antibody
CP-751871 (Pfizer) given intravenously at a dose of 20 mg per kg every 3 weeks. The
disease had previously progressed despite treatment with aggressive combination
chemotherapy. Responses of metastatic Ewing sarcoma have been observed with several
IGF1R-specific antibodies. However, there are also examples of Ewing sarcoma that are
resistant to IGF1R targeting. The identification of molecular markers of sensitivity to
IGF1R targeting is an active research topic. Image courtesy of D. Olmos!?’.

oestrogen-targeting drugs in premenopausal patients
with breast cancer. The hyperglycaemia encountered
occasionally with IGF1R-specific antibody treatment
probably reflects the insulin resistance that is induced by
the high levels of growth hormone'" (rather than any
interaction between the antibody and the insulin recep-
tor). This possibility is supported by the modest treat-
ment-induced hyperinsulinaemia that has been observed
in patients'®, as well as by correction of hyperglycaemia
by the use of metformin. There is no evidence to date
that the increase in IGF1 level can overcome the blocking
effect of IGF1R-specific antibodies.

Receptor kinase inhibitors. Several tyrosine kinase
inhibitors that inhibit IGFIR and the insulin receptor
have been developed and found to be active in preclini-
cal models, and some are currently being evaluated in
phase I clinical trials®>**'213, Details of relative in vivo
inhibitory activity for the insulin receptor and IGF1R in
different tissues remain to be determined. Safety data
from phase I clinical trial studies are eagerly anticipated.
As these compounds are expected to inhibit the function
of the insulin receptor, the possibility of more serious
metabolic toxicity than that seen with the IGF1R-specific
antibodies requires careful investigation. If these small
molecules penetrate the blood-brain barrier there is also
a theoretical possibility of neurotoxicity (especially with
long-term exposure), as IGF1 signalling has neuropro-
tective activity in the brain'?*. However, it is possible
that these agents will be more potent antineoplastics, if
indeed the insulin receptor present on malignant cells
has an important role in neoplastic behaviour. In keeping
with this possibility, a model of insulin-receptor medi-
ated resistance to IGF1R targeting has been described'®.
An intriguing possibility is that these agents may be
associated with less hyperglycaemia than expected, as
a consequence of drug distribution. If existing or future
insulin receptor-IGF1R inhibitors do not accumulate
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in muscle, there might be sufficient residual functional
insulin receptors on a classic insulin target tissue to per-
mit glucose disposition and avoidance of ketoacidosis.
Ongoing clinical trials should clarify the relative advan-
tages and disadvantages of receptor-specific antibody
and tyrosine kinase inhibitor approaches in terms of
both efficacy and adverse effects.

Metformin and AMPK activators. The biguanide met-
formin is commonly prescribed in the treatment of
type II diabetes because it lowers both glucose and insu-
lin levels (FIC 6). Population studies provided preliminary
evidence that it might have anti-neoplastic or chemo-
preventative activity®’, thereby motivating further labo-
ratory investigations. Although often referred to as an
insulin sensitizer because it lowers insulin levels, recent
evidence suggests that the key mechanism of action
of metformin is as an activator of the AMPK-LKBI1
pathway>'?. In liver, this results in inhibition of gluco-
neogenesis and hepatic glucose output, which in turn
reduces circulating glucose level, resulting in a second-
ary decrease in insulin level. In transformed epithelial
cells, metformin, similarly to other AMPK activators,
inhibits rather than increases insulin-stimulated pro-
liferation®’. Therefore, metformin has two properties
of potential oncological relevance: it reduces systemic
insulin levels and has direct AMPK-LKB1-dependent
growth-inhibitory action. Reduction of systematic
insulin levels would be predicted to be of greatest ben-
efit in the important subset of cancer patients who are
hyperinsulinaemic and, hence, whose tumours may be
growth-stimulated by insulin'*".

As shown in FIC. 2, AMPK is one of the targets of
the gene encoding the tumour suppressor protein LKB1.
Mutations in LKB1 in the germ line result in Peutz—
Jeghers syndrome, but loss of function of LKBI is also
found at the level of somatic cells in sporadic cancers.
Metformin would not be expected to have a local action
in situations in which there is biallelic loss of function
of LKB1, but it might be active if at least one allele is
functional. Other AMPK activators'?*'? do not require
LKBI, and it will be of interest to determine whether,
by activating one of the pathways downstream of LKB1,
they can compensate for LKB1 loss of function.

The anti-neoplastic actions of metformin (and
other AMPK activators) have been modelled in labo-
ratory studies, and found to be more complex than
would be expected if they acted only as insulin-lowering
agents®”'?"1%_ For example, there is evidence that the
drug is less active in cancers expressing wild-type p53
(REF. 136). Although most models using AMPK acti-
vators show anti-proliferative effects, AMPK activa-
tion could in certain contexts also enhance cellular
survival under stress'*'*”13, a topic which requires
further study before large-scale clinical trials can be
launched. In some models, this agent has no anti-
neoplastic activity'®. Further research is required to
clarify the extent to which clinically relevant doses of
metformin act to activate AMPK in neoplastic tissue
as compared with liver tissue. There are important
knowledge gaps with respect to pharmacokinetics and
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Figure 5| Endocrine response to IGF1R blockade. a | Current insulin-like growth
factor 1 (IGF1) receptor (IGF1R) targeting agents block the IGF1Rs that are involved in
homeostatic control systems, as well as those in neoplastic tissue. b | As a consequence
of the former activity, a reduction in circulating IGF bioactivity is perceived by the host,
and pituitary growth hormone (GH) output increases. This leads to increased levels of
IGF1, a change that is probably without important consequence as IGF1Rs are blocked.
However, the high amount of GH leads to a variable degree of insulin resistance in
different patients, and this in turn can lead to hyperglycaemia and secondary
hyperinsulinaemia®*.

pharmacodynamics, as the drug was of course not
originally developed as an anti-neoplastic. However,
this remains an important area of investigation, given
preliminary evidence regarding metformin from
population and clinical studies®>'*" together with
datasets linking hyperinsulinaemia to adverse cancer
outcome®*H%,

Combinations. Although there have been multiple
documented examples of single-agent activity of
IGF1R-specific antibodies in Ewing sarcoma and other
solid tumours in phase I clinical trial studies, it is com-
monly assumed, based on the experience with other
receptor kinase inhibitors, that combination therapies
will have an important role in treatment. This view is
consistent with evidence that IGF1R activation tends
to reduce responsiveness to many approved anti-
neoplastic therapies. A few combinations represent
obvious priorities. Early experience suggests that
combining cytotoxics with IGFIR blockade might

be useful'®. There is evidence that insulin receptors
and IGFIR can have a role in conferring resistance
to rapamycin and its analogues'*"'*} therefore there
is interest in combining these with IGF1R-targeting
agents. Similarly, there is considerable evidence that
IGF1R-mediated signalling conferring resistance to
therapies that target EGF receptor family members (for
examples see REFS 143-145), so simultaneous inhibi-
tion of these receptor families is of interest. Combined
inhibition of steroid signal transduction and IGFIR
is also proposed for breast and prostate cancer, based
on preclinical models (for examples REFS 36,146). The
combinations of a growth-hormone receptor antago-
nist'*” or metformin with IGF1R-specific antibody
would be of interest as this might reduce the growth-
hormone-induced insulin resistance, hyperglycaemia
and hyperinsulinaemia that are associated with IGF1R
targeting, as described in FIC. 5, thereby improving
tolerability and/or efficacy. Finally, the possibility
that IGFIR inhibition might enhance radiotherapy
outcomes is being examined'.

Challenges. Although initial evidence of possible clini-
cal efficacy has justified rapid expansion of early clini-
cal-trial programmes, there are significant challenges
in clinical drug development. Preclinical research
provides few clues as to what potential clinical indica-
tions should be prioritized. There is broad therapeutic
potential for many cancers across different organ sites.
Although this increases interest in the target, it com-
plicates phase II clinical trial evaluation by requiring a
wide scope of studies of many neoplastic diseases.
There is at this time no validated molecular marker
for sensitivity or resistance that would allow restric-
tion of clinical trials to those patients who are most
likely to benefit, although this is an active area of
research. Efforts to identify predictors of response
are being embedded in ongoing clinical trials. Some
approaches involve undirected surveys of gene expres-
sion variation in relation to response, whereas others
are hypothesis driven. An example of a hypothesis-
driven approach is the notion that intratumoural
overexpression of IGF2 might indicate the presence of
an autocrine loop, implying addiction to IGF1R acti-
vation and a higher probability of response to agents
that effectively target this receptor (REF. 10).
Notwithstanding efforts to develop novel molecu-
lar markers of sensitivity, early phase II clinical-trial
results evaluating the Pfizer IGF1R-specific antibody
CP-751871 in lung cancer have yielded initial data
suggesting that the response rate might vary simply
according to the histopathology, with higher activity
in squamous cancers than in other lung cancer histolo-
gies'®. More research is required to clarify the role of
molecular pathology downstream of IGFIR in resist-
ance to therapies. It is plausible, for example, that PTEN
loss of function could result in constitutive downstream
pathway activation, rendering IGFIR targeting futile.
In this case, PTEN loss of function would be a resist-
ance marker. However, there is some evidence that
PTEN loss of function results in hypersensitivity to
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Figure 6 | Metformin actions that are relevant to neoplasia. Metformin is well
known to be useful in the treatment of type Il diabetes. By activating AMP-activated
protein kinase (AMPK) in the liver it suppresses gluconeogenesis, leading to
decreased hepatic glucose output and therefore to reduced blood glucose, with a
secondary decrease in insulin levels. This effect is mainly seen in subjects with high
baseline glucose levels, and is less marked in subjects with normal baseline glucose
levels. Separately, metformin (and other AMPK activators) can increase AMPK
activity in neoplastic cells, leading to downstream effects that include inhibition of
mTOR signalling, protein synthesis and proliferation. However, the extent to which
this latter mechanism operates in vivo is a matter of ongoing research,

and pharmacokinetic and pharmacodynamic studies are in progress using in vivo
models and clinically. Metformin requires functional LKB1 to be active, but other
AMPK activators might bypass this requirement by acting directly with AMPK. HR,
hybrid receptor; IGF, insulin-like growth factor; IGFBP1, IGF binding protein 1;
IGF1R, IGF1 receptor; IR, insulin receptor; IRS1, insulin receptor substrate 1; S6K,
S6 kinase.

upstream stimulation rather than to constitutive pathway
activation, and that it is not necessarily associated with
resistance to treatment'*.

Drug dose and schedule are also challenging. For
example, for the IGF1R-specific antibodies, choos-
ing the highest tolerated dose in phase I clinical trials
for efficacy studies is not an effective strategy because
these drugs are so well-tolerated that one could easily
escalate to impractical dose ranges. One approach is
to aim for a serum concentration in humans that was
associated in animal models with activity. Another is
to rely on pharmacodynamic endpoints, such as the
degree of compensatory increase of growth hormone
secretion or IGF1 level (FIC. 5), the degree of receptor
downregulation in leukocytes'® or the degree of path-
way inhibition in neoplastic tissue. However, none of
these methods can be regarded as definitive. In terms
of scheduling, it is unclear at this time whether IGF1R
targeting will find an application in long-term therapy
analogous to the steroid hormone targeting agents that
are currently being used in breast or prostate cancer, or
whether it will typically be given over a limited period
of time in conjunction with chemotherapy. In this con-
text, scheduling might be important to enhance syn-
ergism or avoid antagonism when IGF1R targeting is
combined with other treatments.

REVIEWS

Research frontiers

Many topics concerning the roles of insulin and IGFs
in neoplasia have become well-established areas of
research involving large teams and productive academic—
private-sector collaborations. Below and in BOX 1 are a few
examples of research topics at earlier stages of
development.

Diabetes, insulin resistance and neoplasia. Studies of can-
cer endpoints in relation to a clinical diagnosis of diabetes
have yielded inconsistent results, although experimental
studies have provided limited evidence that insulin defi-
ciency is associated with less aggressive cancer behav-
iour* and diet-induced hyperinsulinaemia is associated
with accelerated growth of experimental neoplasms®. The
inconsistencies are probably related to failure to accurately
measure the relevant variable. Diabetic patients are an
extremely heterogeneous group in terms of their degree
of glycaemic control, medication, diet and insulin levels.
Moving beyond studies related to a clinical diagnosis of
diabetes is a first step. Progress in this area requires the
measurement of quantitative metabolic variables, such as
plasma levels of glucose, c-peptide (a fragment of proin-
sulin released during insulin biosynthesis), insulin, leptin
and others, to determine those that relate to clinical end-
points involving cancer risk or prognosis. Results of such
association studies could then lead to experimental work
to establish which metabolic measures associated with
cancer outcomes are actually mediators, and ultimately
to studies of lifestyle or pharmacological interventions to
target the mediators. Recent results indicate the potential
of this approach, especially with respect to colon®*, pros-
tate***>**1% and breast cancers®**>*"%*, Similar work is in
progress for other tumour types, particularly gastrointesti-
nal, renal and endometrial tumours. Although not defini-
tive, the cited data are consistent with the possibility that
increased insulin levels seen in association with type II
diabetes or obesity might at least in part lead to aggres-
sive tumour behaviour. Evidence for increased lung can-
cer among diabetics enrolled in a clinical trial of inhaled
insulin'' is also consistent with this hypothesis.

Certain genetic loci that were recently associated
with diabetes risk (for an example see REF. 152) influ-
ence insulin secretion; these loci also deserve study with
respect to neoplasia. However, control of variations in
nutrient intake would be necessary as these could poten-
tially be important confounders. There is early evidence
that other loci linked to type II diabetes are also related
to neoplasia'®.

A particular area of interest concerns the insu-
lin resistance and hyperinsulinaemia that arises in
the context of castration therapy for men with pros-
tate cancer. This has been studied with respect to its
adverse effects on non-prostate cancer morbidity and
mortality in these men'*. It is now timely to recog-
nize that progression to castration-resistant prostate
cancer occurs in men with a degree of hyperinsulinae-
mia. In view of the evidence for insulin responsive-
ness of prostate cancer in mouse models*® and insulin
receptor expression by human prostate cancer?®, it is
possible that hyperinsulinaemia facilitates progression
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Box 1 | Metabolic imaging

Positron-emission tomography (PET) scanning with labelled glucose is routinely used
for imaging of tumours, but often little attention is given by clinicians to the
physiological basis for the differential glucose uptake between normal and neoplastic
tissue that underlies the method. The possibility that tumour imaging might be
enhanced by a pre-scan bolus of insulin that would increase glucose uptake by
neoplasms has not been rigorously examined; one of the few studies that addressed
this issue'’® observed no such effect, but rather detected only insulin-stimulated
increase in glucose uptake into muscle. These results are based on a small number of
subjects and lack formal time course or dose-response measurements. They do not
exclude the possibility that carefully designed studies might uncover a subset of
cancers in which glucose uptake is stimulated by insulin, insulin-like growth factors
(IGFs) or other hormones. Although current data imply that the high rate of glucose
uptake by cancers is constitutive rather than insulin regulated, there are important
opportunities to correlate in vivo uptake of glucose or other energy sources with
molecular pathology of the neoplasm. One recent study”’ finds evidence for a
decrease in glucose uptake following treatment with an IGF1 receptor (IGF1R)-specific
antibody.

A new possibility under development is the imaging of IGF1R-positive cancers by the
use of radiolabelled IGF1, a method that might have application in selecting patients
for IGF1R-targeted therapies, provided that early evidence for a relation between
response and receptor level'® is confirmed and that technical challenges in the
optimization of imaging can be addressed. An impressive initial result documented
IGF1R expression in mouse models of cancer that developed resistance to trastuzumab
in vivo'’8, consistent with prior in vitro models'®.

to a castration-resistant state. In this context, it will
be of interest to investigate the possibility that inter-
patient variability in the degree of castration-induced
hyperinsulinaemia is related to time to progression to
castration-resistant prostate cancer. Furthermore, if
androgen sufficiency is associated with insulin sen-
sitivity and castration with insulin resistance, recent
evidence that castration-resistant prostate cancer pro-
duces androgens locally'* raises the possibility that in
castrated, insulin-resistant, hyperinsulinaemic prostate
cancer patients, the tumour may retain a degree of rela-
tive insulin sensitivity, which could contribute to neo-
plastic behaviour. This represents a special case of the
more general concept that cancers in insulin-resistant,
hyperinsulinaemic patients may retain a degree of insu-
lin sensitivity. This deserves further study because of
the increasing prevalence of hyperinsulinaemia, and

because of the implications for targeted therapies.

Energy balance and cancer: a role for insulin? Energy
metabolism of cancer has been an intriguing topic since
Warburg’s original observations'**. Many groups (for
examples see REFS 14,157) are using modern methods
to investigate issues in cellular energetics, including the
preferential use of glycolysis as distinct from oxidative
phosphorylation to generate ATP. However, other inves-
tigators are dealing with energy metabolism at the whole
organism level, exploring how the nutritional status
and energy balance of the host influences tumour biol-
ogy'>7138159 Tt is well-known that caloric restriction has
important antineoplastic actions in rodent models'®*'¢!,
but the physiological basis of this finding has not been
clearly established. Furthermore, it is unclear how energy
balance at the whole organism level influences cellular

energy metabolism within neoplastic tissue.

Surviving episodes of starvation has represented a
fundamental challenge throughout evolution. mTOR,
AMPK and insulin signalling represent three interre-
lated components of a regulatory mechanism that con-
trols cellular behaviour according to nutrient availability.
Insulin receptor activation is associated with the pres-
ence of nutrients, and favours the uptake of fuels and
energy consuming processes such as protein translation
and proliferation. In specialized tissues, such as the liver
and fat, insulin signalling encourages energy storage in
the form of glycogen or lipids. By contrast, inhibition
of mTOR or activation of AMPK both act to constrain
energy consumption at the cellular level during times
of nutrient deprivation, inhibiting protein synthesis and
proliferation'®*'%>. Rapamycin analogues are in use as
antineoplastics: their antiproliferative action has some
similarities to the physiological antiproliferative effect
of nutrient deprivation. Similarly, AICAR (5-aminoim-
idazole-4-carboxamine ribonucleotide) and metformin
simulate aspects of nutritional deprivation and have anti-
neoplastic activity in some (but not all) models”'27-13¢:166,
In this context, it is logical to question whether reduc-
tion of insulin signalling, which occurs physiologically
at times of caloric restriction, might also have an anti-
proliferative effect and contribute to the anti-neoplastic
consequence of caloric restriction observed in rodent
models'®.

It is of interest that, whereas AMPK and mTOR sig-
nalling systems regulate cellular behaviour in response
to nutrient availability, in higher organisms these same
systems are used by specialized cells of the central
nervous system to regulate appetite and food intake's".
Furthermore, it is relevant that, although homeostatic
control systems maintain concentrations of blood glu-
cose and other nutrients during caloric restriction (by
using energy stores), AMPK activation and reduction
of mTOR signalling are detectable in various tissues'®.
Therefore it appears that hormonal signals rather than
simple nutrient depletion are key elements in AMPK and
mTOR regulation in vivo. Thus, the energy balance of
the organism can influence energy metabolism at the
cellular level through changes in levels of insulin, gluca-
gon and other hormones, including the fasting-induced
hormone fibroblast growth factor 21 (REF. 168). Although
it is not surprising that large variations in energy intake
can influence the levels of insulin and IGF1, relatively
subtle variations can also have significant effects'®.

Exercise. Whereas there is little convincing evidence that
exercise has major effects on outcome among patients with
advanced cancer, there is epidemiological'”® and experi-
mental'”! evidence that it has a favourable impact on the
risk of cancer and/or the natural history of early cancers. A
current challenge is to identify the physiological basis for
this effect. Often, reference is made to the general hypoth-
esis that the mechanisms underlying the benefit of exer-
cise involve favourable effects on insulin and IGF levels.
Although it remains probable that many lifestyle factors
that influence cancer risk or prognosis act at least in part
through mechanisms involving insulin or IGF physiology,
the mechanistic details require further study. Exercise has
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many metabolic consequences; exercise-induced muscle
hypertrophy is actually associated with an increase in
local IGF1 concentrations, but a relatively minor effect
on the amount of circulating IGF1. Levels of circulating
insulin and IGF1 might be more closely related to energy
balance than to the absolute amount of exercise under-
taken, so future studies in this area must examine energy
intake and exercise jointly. It is plausible that the benefit of
exercise is greatest when it is not balanced by an increase
in energy intake, and when associated with decreases in
levels of IGF1 and especially insulin. A recent study'”!
has suggested that exercise increases AMPK activation in
cancers, presumably through hormonal mediators. This
action would be expected to limit signalling downstream
of the insulin receptor and IGF1R, with anti-proliferative
consequences. This is of particular interest in the context
of the observation that administration of AMPK agonists
has effects on muscle physiology similar to those provided

by exercise'”.

Conclusion

In the past decade, the study of insulin and IGFs in
neoplasia has grown from a relatively obscure area to
a major research topic. Progress has been rapid: in the
past year, there have been more than 20 publications
per month in the field. Although many gaps in our
knowledge concerning the fundamental roles of these
peptides in neoplasia remain to be addressed, efforts to

REVIEWS

translate currently available information towards clinical
application have been impressive. More than a dozen
new drugs that target IGF signalling have recently
entered clinical trials, and some of the early results have
been encouraging enough to justify the expansion of
clinical investigation programmes. We anticipate fur-
ther progress by epidemiologists, basic scientists and
clinicians in the field over the coming years, and specu-
late that the medical relevance of insulin and IGFs will
extend beyond their classic actions in the regulation of
somatic growth and carbohydrate metabolism.
Investigation of the roles of insulin and IGFs in neo-
plasia might have relevance to the challenge of global
cancer control. Whereas the high prevalence of neoplas-
tic disease in affluent countries is well recognized, the
World Health Organization estimates that two-thirds
of cancer cases are found in those developing nations
in which obesity is becoming more common than mal-
nutrition, and in which cancer mortality now exceeds
that of AIDS, malaria and tuberculosis combined!”>.
It is generally recognized that changing dietary and life-
style practices are leading to widespread increases in the
prevalence of obesity and hyperinsulinism, and there is
indirect evidence for a secular trend towards increas-
ing levels of IGF1'7*'7>. Therefore, the metabolic profiles
related to insulin and IGF physiology that have been
associated with increased cancer risk and more aggressive
cancer behaviour are becoming more common globally.
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