Targeting the Insulin-Like Growth Factor
(IGF) System Is Not as Simple as Just
Targeting the Type 1 IGF Receptor
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Overview: Increased signaling of the insulin-like growth fac-
tor (IGF) system via alterations in expression levels of its
components has been demonstrated in various tumor types.
Numerous experimental studies have supported the involve-
ment of the IGF system signaling axis in tumor initiation and
progression. These studies, combined with data that link
alterations in the levels of circulating IGFs with cancer risk
and prognosis, have focused on the IGF-1 receptor (IGF-1R) as
a therapeutic target for patients with cancer. As a conse-
quence, most therapeutic strategies have been designed to
specifically inhibit IGF-1R but have for the most part ignored
the insulin receptor (IR), based on concerns that targeting IR
would lead to unacceptable toxicity both because of its role in

HE IGF system comprises a phylo-genetically ancient
family of peptides involved in growth, development,

and metabolism, as well as in cellular processes such as
proliferation, survival, cell migration, and differentiation.
The IGF system is composed of three ligands (IGF-1, IGF-2,
and insulin), their receptors (the IGF-1 receptor [IGF-1R],
the mannose 6-phosphate/IGF-2 receptor [M6P/IGF-2R], the
insulin receptor [IR], and the hybrid IR/IGF-1R), at least six
high-affinity binding proteins and binding protein proteases.
IGF binding proteins modulate the activity of IGF's but also
have a life of their own inducing cellular processes in an
IGF-independent way. Molecular details of the IGF system
have been excellently reviewed by Samani and colleagues.’
In this context, it is important to highlight the complexity
of the system and the presence of several critical nodes that
within the signaling networks control various cellular pro-
cesses. A simple scheme of divergent pathways is usually
sufficient to describe and explain IGF/insulin signaling (Fig.
1). However, when examined in detail, the number of genes
and protein isoforms involved in the activation of mitogen-
activated protein kinase (MAPK) or AKT signaling path-
ways, the two main signaling mediators of the IGF system or
in genes involved in the generation of proliferative, anti-
apoptotic, differentiating, or metabolic effects, it becomes
clear that hundreds of molecules are involved in the IGF/
insulin-signaling pathway. It is beyond the scope of this
manuscript to describe in detail this molecular level of
complexity and interactions® but, to make the reader more
aware of the peculiarities of this signaling axis, some exam-
ples of at least the best-defined critical nodes are described.
For instance, the IR has two splice isoforms, IR-A that is
highly expressed in fetal tissues and cancer, and IR-B that is
mainly found in adult tissue (details to follow). Both are
usually coexpressed in cells that also express IGF-1R. Insu-
lin and IGF's bind with high affinity to their cognate recep-
tors (e.g., insulin — IR; IGFs — IGF-1R), whereas IGF-2R
serves mainly as a sink for the regulation of IGF2 levels.
However, IGF-2 also binds IR-A with high affinity,® al-
though at lower affinity, IGF-1R can also be activated by
insulin, and IR can be activated by IGFs. This implies that
whenever we study the effects of IGF-1R, IR, or both, we

physiologic metabolism and because we frequently try to
oversimplify biologic complexity whenever we are urged to
find practical, friendly solutions for clinical practice. Although
this is an understandable and necessary starting point in the
complex and long-lasting processes that leads to translational
biology, the crude reality of the results obtained from phase |
and Il studies suggest a need for researchers to be humble
and go back to the drawing board. Cancer research has
substantially neglected the role of IR, and it remains unclear
whether and to what extent avoiding the inhibition of IR has
compromised the efficacy of anti-IGF-1R therapy. Clarifying
its role might also help us take advantage of older drugs that
could offer new perspectives in cancer care.

should also pay attention to the most prevalent types and
expression levels of the ligand(s) in that specific cellular
context.

Similar to IR, IGF-1R consists of two extracellular ligand-
binding subunits (the alpha subunits) and of two transmem-
brane beta subunits, which are linked to alpha subunits by
disulfide bonds and are composed of a transmembrane
domain, an intracellular tyrosine kinase (TK) domain, and a
C-terminal tail. IGF-1R has 70% homology to IR, with which
it shares some signaling pathways. As a consequence of the
close homology of IR and IGF-1R, hybrid receptors can be
formed by an insulin alpha-beta hemireceptor and an IGF-1
alpha-beta hemireceptor in cells expressing both. The bio-
logic response elicited by these hybrid receptors can vary,
depending on the ligands involved and the specific IR iso-
forms.* These hybrid receptors appear to bind IGF-1 and
IGF-2 with high affinity similar to IGF-1R. Ligand binding
induces tyrosines within the TK domain to be transphospho-
rylated by the dimeric subunit partner. Phosphorylated
residues serve as docking sites for other signaling molecules,
such as IR substrates (IRS) and the adaptor protein She,
which leads to the activation of the phosphatidylinositol-3
kinase (PI3K)-Akt and MAPK pathways (Fig. 1). However,
both IR and IGF-1R can phosphorylate at least six known
substrate proteins (IRS1-6) that are capable of interacting
with eight known forms of the PISK regulatory subunit,
which leads to the activation of three known isoforms of AKT
signaling, besides being able to crosstalk with the MAPK
signaling pathway. Moreover, these signaling pathways are
shared with most other TK receptors and it is possible that
other pathways that have yet to be identified are involved or
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that subtle differences in the recruitment of certain docking
proteins and intracellular mediators exist about which we
still know little regarding their dynamics and biologic ef-
fects. Finally, in addition to the well-established signaling
pathway from the cell membrane, recent reports have high-
lighted how IGF-1R or IR signaling, or both, may also be
dependent on cell localization. Differential endocytosis and
signaling dynamics have been reported for IGF-1R? as well
as for IR-A and IR-B in relation to the mitogenic or metabolic
activities of the two receptors.® Nuclear translocation of
IGF-1R has also been reported.” The modification of IGF-1R
by small ubiquitin-like modifier (SUMO) proteins occurs in a
ligand-dependent manner and is necessary for nuclear
translocation of the receptor. As expected, nuclear IGF-1R
has different biologic functions: it binds to genomic DNA and
may act as a transcriptional enhancer.

This level of complexity has been grossly ignored when
targeted therapies against IGF-1R were developed. How-
ever, despite the difficulties of deeply understanding such
complex signaling, steps have been recently taken and
indeed some achievements have already been obtained.

Why Was IGF-1R Chosen as a Therapeutic Target?

The first inkling that IGF-1R played a crucial role in
malignant transformation was provided by Sell and col-
leagues (1993), who found that R cells could not be trans-
formed by the SV40 large T antigen. R cells are 3T3 cells
originating from mouse embryos with a targeted disruption
of the IGF-1R gene. These cells have a tendency to transform
spontaneously in culture, and the SV40 T antigen is, by
itself, a strong transforming agent in 3T3c cells. The failure
of R cells to become transformed by SV40 T antigen indi-
cated a role of the IGF-1R in transformation of cells in
culture. This finding has since been confirmed with different
viral and cellular oncogenes and in different laboratories.®
Reintroduction of an IGF-1R into R cells promptly renders

KEY POINTS

e The insulin-like growth factor (IGF) system is an
important mediator of cancer pathogenesis and pro-
gression. Drug resistance to conventional or targeted
therapies frequently involves components of the
insulin-like growth factor system.

e Researchers and pharmaceutical companies have
focused on IGF-1 receptor (IGF-1R), which is clearly
able to deliver a proliferative, antiapoptotic, and
promigratory signal in cancer cells.

e Several approaches inhibiting IGF-1R functions have
shown very encouraging results in preclinical condi-
tions, but only limited evidence of efficacy has been
demonstrated in phase I and II clinical studies.

e The IGF system is quite complex, with many players
in the field. Insulin receptor function in cancer cells
has been underestimated, but also little attention has
been paid to the type of ligands that are mainly
involved in each tumor type.

e Strategies considering the IGF system in all its com-
plexity are encouraged.
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these cells susceptible to transformation. Thus, there should
be a signal originating from the IGF-1R that facilitates and
is quasi-necessary for the transformation by the usual
agents (i.e., physical, chemical, and/or genetic). The level of
expression of IGF-1R does not need to be high. Even low
levels of expression are sufficient to send the permissive
signal that allows oncogenes to transform mammalian cells.
Accordingly, IGF-1R is overexpressed in some malignant
tissues but amplification and overexpression are less com-
mon for IGF-1R than for other oncogenetic receptors. Simi-
larly, mutations have not been described as a way to
increase receptor activity. Activation of IGF-1R is indeed
mainly induced by either circulating or locally synthesized
IGF's in an autocrine or paracrine manner.? Although some
studies report no relationship between IGF-1 levels and
cancer risk, many others report that individuals with IGF-1
levels at the upper end of the normal range have an
increased risk of developing certain cancers (e.g., colon,
breast, and prostate).'® Conversely, individuals with growth
hormone receptor deficiency, also known as Laron syn-
drome, who have very low IGF-1 levels, appear to be pro-
tected from the development of cancer when compared with
their relatives without hormonal deficiency.'"'? Dietary
factors and lifestyle have also been shown to have a substan-
tial effect on the activation of the IGF system. In animal
models, caloric restriction reduced circulating IGF-1 levels
as well as bladder tumor growth, by increasing apoptosis
and decreasing cell proliferation.®

In any case, if IGF-1R is quasi-obligatory for cell transfor-
mation, downregulation of IGF-1R in malignant cells ought
to reverse the transformed phenotype. Downregulation or
inhibition of IGF-1R functions, by neutralizing antibodies or
small-molecule TK inhibitors (TKIs), by antisense strate-
gies, or by developing agents to modulate IGF binding
proteins, causes massive apoptosis of tumor cells in vitro
and in vivo and results in the inhibition of tumorigenesis
and metastasis formation. Preclinical data suggest that
agents used to target the IGF system may be more effective
when used in combination with chemotherapy compared
with when used as monotherapy. In addition, the induction
of IGF-1R signaling has been described to be involved in
mediating resistance to both conventional and some tar-
geted drugs.!*1 It is therefore not surprising that targeting
IGF-1R has become popular with pharmaceutical and bio-
technology companies. Currently, most therapeutic agents,
monoclonal antibodies (MAbs), or TKIs have been de-
signed to specifically target IGF-1R while sparing IR, on the
basis of the concern that cotargeting IR would lead to
unacceptable toxicity. MAbs targeting IGF-1R were the
furthest in development and had the benefit of inhibiting
hybrid receptors besides IGF-1R. Recently, several phase I
to III clinical trials have been conducted to evaluate the
safety and efficacy of drugs targeting the IGF-1R. From
these studies, we obtained some important indications:
(1) anti—-IGF-1R drugs have modest toxic effects, with mild
and reversible hyperglycemia as the most common toxicity;
and (2) anti-IGF-1R drugs show limited effectiveness. In
particular, the best tumor responses have been observed
in Ewing’s sarcoma, in which IGF/IGF-1R functions have
been clearly associated with the pathogenesis of this tumor
and in which few, if any, other TK receptors are fundamen-
tally activated.® However, despite the presence of the target
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in all tumors and ample preclinical evidence supporting
the potential value of anti—-IGF-1R agents, less than 10% of
patients respond to this therapy with extraordinary re-
sults.*”

On one side, this implies that the presence of the target
is not sufficient to benefit from this targeted therapy and
that other redundant pathways may be present to render
IGF-1R-targeted cells resistant to anti-IGF-1R MAD.
Recent studies in cell lines have demonstrated that knock-
ing out, downregulating, or pharmacologically inhibiting
IGF-1R can lead to a compensatory increase in IR
signaling.'®2! So, the take-home messages of these studies
are: (1) the ratio IGF-1R/IR as well as the type of ligand(s)
that are prevalent in the specific cellular context should be
considered to identify patients that may benefit from anti—
IGF-1R therapy; (2) we need to better identify the mecha-
nisms of action of IR in cancer, viewing this receptor in a
new light.

Insulin/IR in Cancer

As mentioned above, IR shares high homology to IGF-1R.
However, unlike IGF-1R, the IR is characterized by the
ability to alternatively splice a small exon (exon 11) encod-
ing a 12-amino acid stretch contiguous to the CT
peptide (encoded by the C-terminal sequence). The exclu-
sion of exon 11 generates isoform A (IR-A); its inclusion
generates isoform B (IR-B).* Although the current think-
ing is that IR primarily mediates the metabolic effects of
insulin through the activation of the PISK pathway and
IGF-1R mainly mediates the growth effects of IGFs via the
activation of MAPK, it is now clearly established that in
cancer cells IR, particularly IR-A, is often overexpressed
and its signaling pathway deregulated with substantial
crosstalk with the IGF-1R pathway. Several factors account
for the loss of IR physiologic specificity in cancer. First,
cancer cells predominantly overexpress the IR-A isoform.
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Although IR-B is a specific receptor for insulin, IR-A also
binds IGF-2 and at lower affinity IGF-1, and may induce
biologic effects in response to both IGFs. Second, over-
expressed IR enhances the effects of IGF-1 and IGF-2
through the formation of IR/IGF-1R hybrid receptors,
which bind both IGFs with high affinity. Third, cancers
often produce both IGF-2 and IGF-1 in an autocrine/para-
crine manner.! Finally, in patients with cancer affected by
insulin resistance, the elevated levels of circulating insulin
induce unbalanced IR activation, with predominant activa-
tion in the mitogenic pathway rather than the metabolic
pathway.?2:23

The importance of IR and insulin in tumor development
and progression has been demonstrated in both animal
models and clinical studies.’® In humans, high levels of
insulin—but not blood glucose or obesity per se—are asso-
ciated with increased risk for various malignancies.?*
Women with breast cancer that also have insulin resistance
show increased cancer-specific mortality.?5-2¢

Obesity is a very important determinant for inducing or
worsening insulin resistance. Obesity is also a predisposing
factor of type 2 diabetes (T2DM), and several studies have
now firmly established that both obesity and/or T2DM are
associated with an increased risk of cancer.?®27-28 Patients
with T2DM carry an increased risk for almost every cancer
histotype, except prostate cancer. Obese patients are at
increased risk for a variety of malignancies, including most
common cancers and hematologic malignancies. Metabolic
syndrome, a disorder characterized by obesity, hyperten-
sion, dyslipidemia, and long-term insulin resistance, is also
associated with worse cancer prognosis.?® Conversely, body
weight reduction decreases cancer risk.?? Because of these
findings and considering the studies suggesting that insulin
analogs may promote tumorigenesis,'® the effects of insu-
lin/IR on tumor growth have recently received greater at-
tention.

New Opportunities for Cancer Prevention and
Therapy Involving the IR pathway

As long-term exposure to hyperinsulinemia is an impor-
tant risk factor for cancer development and progression in
patients with obesity, T2DM, or both, measures and drugs
aimed at improving insulin resistance and reducing circu-
lating insulin levels should contribute to prevent cancer in
these patients and to ameliorate prognosis in patients with
cancer.?>? Nonpharmacologic measures, such as lifestyle
changes involving caloric restriction and physical exercise,
may also be useful.

Among drugs aimed at reducing insulin resistance and
circulating insulin levels, biguanides and thiazolidinediones
(TZDs) (collectively classified as insulin sensitizers) have
received attention as potential anticancer agents. Met-
formin is the only biguanide used in the clinical setting and
is currently recommended as first-line therapy in patients
with T2DM for its excellent long-term safety profile. Met-
formin impairs the production of adenosine 5’-triphosphate
(ATP) by targeting complex I in the mitochondrial electron
transport chain. This event activates AMP-activated protein
kinase (AMPK), a kinase with a key role in the regulation of
cellular energy homeostasis and growth. AMPK causes, on
one hand, downregulation of gluconeogenesis in the liver
with reductions in blood glucose and insulin levels and, on
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the other hand, direct reduction of cell growth through the
inhibition of the mTOR/AKT pathway. Indeed, in vitro
studies and animal models strongly suggest that metformin
may have anticancer effects.?>3! In humans, observational
clinical studies have actually shown a decrease in cancer
risk in patients with T2DM using metformin compared with
those following other treatment regimens. In a case-control
study, metformin use was associated with a reduced risk for
breast cancer.’®> Moreover, the adjunct of metformin to
insulin was reported to offset the increased risk for colorec-
tal or pancreatic cancer observed when insulin was used as
monotherapy, and patients with T2DM treated with met-
formin were found to have a reduced cancer-specific mortal-
ity compared with those using insulin. From a therapeutic
point of view, metformin may improve response rates in
women with breast cancer that have T2DM who are receiv-
ing adjuvant chemotherapy,®® as well as progression-free
survival for chemotherapy-treated patients with advanced
cell lung cancer that have diabetes.>* Currently, pilot clini-
cal trials are being conducted with women without diabetes
to evaluate the possible effect of metformin on the outcome
of breast cancer (clinical trials NCTO00897884 and
NCT01101438).

TZDs, the second class of insulin sensitizers available for
clinical use, belong to the group of peroxisome proliferator-
activated receptor gamma (PPARgamma) agonists. These
drugs have shown substantial antitumoral effects in vitro
and in some, but not in all, animal models. However to date,
enthusiasm for the anticancer potential of the currently
available TZDs has declined because of toxicity and an
associated increased risk of tumors.?® When new TZDs reach
the market, more studies are warranted to explore the
effects of these drugs for patients with cancer who have
insulin resistance.

As mentioned above, IR-A overexpressed by cancer cells
may be stimulated not only by circulating insulin, but also
by autocrine- or paracrine-produced IGF-2 and IGF-1. In
patients with cancers overexpressing IR-A and IGF's, there-
fore, lowering insulin levels with the use of insulin sensitiz-
ers is not sufficient and direct inhibition of this IGFs/IR-A
pathway should be pursued.

These considerations, together with evidence indicating
that selective IGF-1R inhibitors can favor the emergence of
cell clones with enhanced IGFs/IR-A loops?'*¢ and worsen
hyperinsulinemia,®” bring about the concept that cotarget-
ing IGF-1R and IR may be a suitable approach for patients
with these malignancies. Small molecules with TK inhibi-
tory activity appear to be the most promising drugs because
of their ability to block the ATP-binding site of the kinase
domain, which shares a high degree of homology between IR
and IGF-1R. These drugs can be given orally and adminis-
tered in combination with standard chemotherapy. Two
currently available TKIs (BMS-754807 and OSI-906) share
the ability to inhibit both IR and IGF-1R. BMS-754807
inhibits both IGF-1R and IR with very similar activity (the
half maximal inhibitory concentrations [IC;,] were 1.8
nmol/L and 1.7 nmol/L, respectively),>® but also elicits sub-
stantial inhibition toward other TK receptors (e.g., Met,
recepteur d’origine nantais [RON], TrkA, TrkB) and Aurora
A and B. BMS-754807 is currently being evaluated in
several clinical trials as a single agent and in combination
with other drugs in patients with advanced or metastatic
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malignancies (clinical trials NCT00898716, NCT00569036,
NCT00908024, NCT00788333, NCT01225172, and NCT-
00793897). OSI-906 is a selective dual-inhibitor of IR and
IGF-1R (IC4, of 19 nmol/Li to 35 nmol/L).*® Preliminary
studies with OSI-906 have yielded encouraging results and
this drug is now being evaluated in phase I escalation
studies as a single agent (clinical trials NCT00514306 and
NCT00514007) and in phase I to III trials (clinical trials
NCT01101906, NCT00924989, NCT01387386, and others)
for various malignancies generally characterized by an acti-
vated IGF-2/1R-A loop.

These studies will hopefully provide proof-of-concept that
IR inhibition, in addition to IGF-1R inhibition, may be
clinically relevant for patients with cancer.

Other Controversial Issues

In addition, IGF-1R was shown to mediate differentiation
in some cancers. Specific experimental models indicated
that the balance between mitogenesis and differentiation
is strongly influenced by the relative level of expression
of the two main IGF-1R mediators, Shc and IRS1.%°
Unfortunately, this is not a general rule and the exact
mechanism that shifts the message from IGF-1R is still
unknown. In any case, evidence indicates that the IGF
system is an important mediator of mesenchymal or neural
differentiation, an aspect that we need to consider for
sarcomas and brain tumors. We need to be aware that
IGF-1R and its substrates can also send contradictory sig-
nals, signals that can actually lead to growth inhibition or to
the inhibition of metastatic spread. These contradictions
ought to become fertile areas of investigation for both basic
and applied research.

There is no doubt that anti—-IGF-1R therapy should be
combined with conventional or other targeted drugs. Each
tumor requires a unique cocktail of drugs and dedicated
studies. This concept is true for most targeted therapies
and further effort, time, and resources to be translated
into effective treatments are needed. The results achieved
to date are not satisfactory to justify routine clinical use
of IGF-1R-targeting agents. Nevertheless, for some heavily
pretreated patients with refractory rare tumors, responses
and clinical benefit in combination with chemotherapy
have been observed. Unfortunately, rare tumors seem
to be most sensitive to these targeted therapies, which
does not inspire pharmaceutical companies. However, we
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strongly believe that joint efforts between academia and
industry are in the interests of both. We have a good level
of knowledge in the field and several drugs already devel-
oped. Just put them together and take another step toward
light.

Conclusion

Recent phase I to II clinical studies with selective anti—
IGF-1R MAbs together with epidemiologic data have shifted
attention from IGF-1R to IR, and to a more comprehensive
view of the IGF system. To date, small molecules acting as
dual inhibitors of IGF-1R and IR appear to be the most
promising approaches to deprive cancer cells of this impor-
tant signaling axis. Unfortunately, hyperglycemia and hy-
perinsulinemia are important adverse effects of dual IGF-1R
and IR inhibitors, although hyperglycemia seems to be
reversible after the cessation of treatment. It can be hypoth-
esized, therefore, that insulin sensitizers (e.g., metformin)
should be given together with these inhibitors to limit these
adverse effects.

Moreover, we need new biomarkers to select patients
suitable for IR and IGF-1R dual inhibition and to monitor
therapeutic efficacy. Recently, it has been reported that
response to a dual anti-IR/IGF-1R inhibitor may be corre-
lated with an IGF expression signature*' or with lack of
epithelial-mesenchymal transition,*? but we clearly need
more extensive studies and validated biomarkers.

Another possible approach involves the use of antibodies
recognizing both IGF-2 and IGF-1. Such antibodies have
been described*® and, in animal models, show promising
results in IGFs-driven malignancies.** Also in this case,
more studies are needed regarding the applicability of this
approach in humans.

Overall, recent experimental evidence has shed light on to
some new players, like IR, which has been substantially
neglected in the field of cancer research as a mediator of
tumor progression. We are now well aware of the complexity
of the pathway and have some new potentially promising
drugs in our hands. Further efforts are needed to learn how
to maximize their efficacy in patients with cancer.
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