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The insulin receptor (IR) gene undergoes differential splicing that generates two IR isoforms,
IR-A and IR-B. The physiological roles of IR isoforms are incompletely understood and
appear to be determined by their different binding affinities for insulin-like growth factors,
particularly for IGF-2. Predominant roles of IR-A in prenatal growth and development and of
IR-B in metabolic regulation are well established. However, emerging evidence indicates that
the differential expression of IR isoforms may also help explain the diversification of insulin
and IGF signaling and actions in various organs and tissues, by involving not only different
ligand binding affinities but also different membrane partitioning and trafficking and possibly
different abilities to interact with a variety of molecular partners. Noteworthy, dysregulation
of the IR-A:IR-B ratio is associated with insulin resistance, aging and increased proliferative
activity of normal and neoplastic tissues, and appears to sustain detrimental effects.
This review discusses novel information that has generated remarkable progress in our
understanding of the physiology of IR isoforms and their role in disease. We will also focus
on novel IR ligands and modulators that should now be considered as an important strategy
for better and safer treatment of diabetes and cancer and possibly other IR-related diseases.
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• The insulin receptor (IR) exists in two isoforms, IR-A and IR-B, that are expressed in different
relative abundance in the various organs and tissues.
• The two IR isoforms have similar binding affinity for insulin but different affinity for IGF-2 and
proinsulin, which are bound by IR-A but not IR-B.
• Activation of IR-A by IGF-2 and proinsulin is believed to sustain prenatal growth while this
ability is less understood in adult life.
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• Tonic IR-A activation by IGF-2 may affect IR-A membrane partitioning and trafficking and its
crosstalk with a variety of other membrane molecules.

• High IR-A expression which is advantageous in prenatal life appears to be associated with
detrimental effects, such as dysregulated cell proliferation and insulin resistance in adult life.

• Selective modulation of the two IR isoforms should now be considered as an important
strategy for precision medicine.

I. Introduction
In a previous review, we summarized the available data suggesting that insulin receptor (IR)
gene splicing is an evolutionarily conserved mechanism in mammals, responsible for the
specificity of insulin and IGF signaling. Indeed, accumulating evidence has led to the new
1
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concept that the physiological roles of IR isoforms are regulated by their different binding
affinities for insulin-like growth factors (IGFs), particularly for IGF-2, rather than by their
slightly different binding affinities for insulin 1. According to this view, predominant IR-A
expression may be important for prenatal growth and development, whereas IR-B expression
has a more important role in metabolic insulin action in adults. The differential expression of
IR isoforms and their association with the type I IGF-1 receptor (IGF-1R) to form hybrid
receptors could help explain the diversification of insulin and IGF signaling and actions in
various organs and tissues 2.
The IR isoforms, therefore, are relevant components of the network modulating the
pleiotropic effects of the insulin/IGF system, which exerts distinct effects on cell growth,
differentiation, apoptosis and metabolism. The specificity of the different biological
responses in this system relies on the multiplicity of the involved ligands and receptors, with
a fine modulation of the amplitude of each signal depending on specific ligand-receptor
interactions 3. Moreover, we underline the concept that dysregulation of the low-specificity
IR-A isoform, biologically prevalent in less-differentiated tissues, may promote detrimental
effects such as cancer progression when overexpressed in well-differentiated cells.
In the last few years, this view has been consistently confirmed, and new information has
led to remarkable progress in our understanding of the physiology of IR isoforms and their
role in disease. Crystal structure studies have better clarified the ligand-receptor interaction,
with the identification of the primary binding site for insulin 4,5. These studies may provide a
basis for a better understanding of the binding of IR-A to specific ligands such as IGF-2 and
proinsulin 6, which have recently been added to the list of naturally occurring IR-A ligands.
Additional data have become available regarding the specific roles of IR isoforms in different
physiological and pathological conditions, namely, insulin resistance, diabetes and cancer.
Some studies have examined the possibility that insulin analogs used for diabetes therapy
may have biased binding affinity for one of the IR isoforms. This possibility is now routinely
evaluated in the study of new insulin analogs. At the same time, new approaches have been
sought to generate insulin analogs that may have lower affinity for the more mitogenic IR-A.
Moreover, several independent studies have confirmed and extended the role of IR-A in
cancer, metastatic spread and cell stemness.
New insights are also available regarding insulin and related ligands in IR signal
diversification, which may occur only partially through the formation of IR/IGF-1R hybrid
receptors. In fact, IR isoform interactions and functional crosstalk with other tyrosine kinase
receptors and other membrane molecules is an emerging area 7. These mechanisms may
greatly impact our understanding of the regulation of insulin signaling and may provide an
opportunity to selectively favor metabolic effects while inhibiting unwanted IR effects. The
use of novel allosteric ligands, both antibodies and small molecules, has suggested that it is
possible to modulate post-receptor intracellular signaling. Whether some of these molecules
might be useful in the treatment of insulin resistance, neurodegenerative diseases or cancer is
still unclear.
Here, we will review more recent evidence indicating that our knowledge of the complex
and fundamental role of the IR in the physiological processes of development, differentiation,
metabolism and aging, as well as in the disease states of diabetes, cancer and
neurodegeneration, will benefit greatly from a better understanding of the regulation, ligand
specificity, crosstalk and signaling of the two IR isoforms. We also aim to put the available
information in a comprehensive context and highlight findings that might be clinically
relevant as well as areas that would benefit from more research.
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Structural studies have recently elucidated how insulin binds to its receptor, thus providing
further insight into the different binding characteristics of IR isoforms and IR/IGF-1R
hybrids.
Insulin binding to the insulin receptor
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The unliganded three-dimensional structure of the human IR extracellular region (or
"ectodomain") was initially described in 2006 8,9, with subsequent improvements in the
resolution of the α-chain C-terminal segment and correction of the register of amino-acid
residues with secondary structural elements within two of the domains (3,4). Human IR is a
disulfide-linked (αβ)2 homodimer, each monomer consisting of seven extracellular domains.
Starting from the N-terminus, these domains are L1 (the first leucine-rich repeat domain), CR
(the cysteine-rich region), L2 (the second leucine-rich repeat domain), and FnIII-1, FnIII-2
and FnIII-3 (the first, second and third fibronectin type III domains), with the seventh
domain, ID (a relatively disordered insert domain), being located within the canonical CC'
loop of FnIII-2 and containing the α/β furin cleavage site (Figure 1A). These domains
assemble into a two-fold symmetric Λ-shape, each "leg" of which comprises the L1-CR-L2
module of one receptor monomer juxtaposed against the (FnIII-1)-(FnIII-2)-(FnIII-3) module
of the alternate receptor monomer 8. A peptide segment (termed αCT) from the C-terminal
region of the ID α-chain component (IDα) forms an α-helix on the surface of the central βsheet (L1-β2) of the L1 domain 10 (Figure 1B). The αCT segment differs in length in the A
and B isoforms of IR, depending on whether it includes (IR-B isoform) or excludes (IR-A
isoform) the 12-residue gene product of exon 11. Inter-monomer disulfide bonds occur
between the FnIII-1 domains and between the IDα segments, whereas within each monomer,
a disulfide bond links IDα to the FnIII-3 domain (in turn within the β chain) (Figure 1A).
Seventeen N-linked glycans are attached to asparagine residues at various positions within
each monomer 11,12, and six O-linked glycans are attached to serine or threonine residues
within the N-terminal region (IDβ) of each receptor β-chain 13 (Figure 1A).
While the three-dimensional structure of insulin has been known since 1969 4, the
specificity of ligand/receptor engagement has long remained elusive. In 2013, a major
advance was made with the determination of the structure of insulin and a high-affinity
insulin analog in separate complex with elements of the IR forming the primary hormonebinding site 14. The study used two receptor constructs. The first was the so-called insulin
"microreceptor" (µIR), a two-domain L1-CR construct (IR residues 1-310) combined with an
exogenous αCT peptide spanning residues 704-719 of the IR-A receptor isoform in one
instance and spanning residues 697-719 of the same isoform in another. The second receptor
construct was a homodimeric, four-domain L1-CR-L2-(FnIII-1) construct (IR residues 1593), the C-terminus of which was covalently attached to the IR-A αCT peptide (residues
704-719), known as IR593.αCT. Crystallization of the µIR + insulin constructs was
improved by the attachment of an Fab module from the mAb 83-7 15 to the CR domain of the
µIR, whereas crystallization of IR593.αCT + insulin was optimized by the attachment of a
Fab module from mAb 83-14 15 to the FnIII-1 domain of the receptor fragment. Together,
these structures, although limited in resolution to 3.9 Å at best, revealed the following. (i)
Insulin undergoes a conformational change upon engaging the primary binding site of the
receptor, as the B-chain C-terminal segment of insulin folds away from the hormone core
(Figure 2A). Such folding out had long been predicted to be an integral part of hormone
binding 16,17. (ii) The so-called R state of insulin, in which the B-chain N-terminal residues
form a helical extension of the canonical B-chain α-helix 18,19, was not observed (Figure 2A),
despite the earlier suggestion that such a transition was an integral part of receptor binding
(reviewed in 20). (iii) The αCT segment undergoes a substantial re-arrangement on the L1-β2
surface, including the formation of an additional turn at the C-terminal end of the αCT helix
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observed in the apo-IR ectodomain structure, removal of turns at the N-terminal end of the
same helix, and rotation of the αCT helix axis by approximately 34° with respect to its
orientation in the apo-IR ectodomain structure (Figure 2B). A subsequently determined
structure of the insulin-free µIR displayed the αCT helix in a similar orientation on the L1-β2
surface to that seen in the structure of the apo-IR ectodomain 5, indicating that this altered
arrangement of αCT is indeed a consequence of insulin binding and not a consequence of
using domain-deleted constructs. (iv) The folding out of the B-chain C-terminal segment of
insulin exposes the hydrophobic core of the hormone, which is now engaged by αCT
residues His710 and Phe714 (Figure 2C). (v) Superposition of the hormone/µIR complex
over the intact ectodomain results in significant overlap between the hormone and the
adjacent fibronectin domain module, implying that accommodation of the bound hormone
requires domain movement within the receptor ectodomain (Figure 2D). It was suggested
that insulin may then cross-link to a site at the junction of the first and second fibronectin
domains, a view supported by alanine scanning of residues within FnIII-1 and FnIII-2 21.
A further refinement of these structures provided details of the way in which the foldedout B chain of insulin engages the receptor 22, as this aspect was unresolved within the earlier
(2013) suite of structures. Of particular interest here is the location of the highly conserved
aromatic triplet PheB24-PheB25-TyrB26 of insulin 23 within the hormone receptor complex.
In particular, the side chain of PheB24 undergoes rotameric re-arrangement as it engages the
receptor and is buried within a hydrophobic cavity formed by insulin, the αCT segment and
the L1 domain (Figure 2E). The side chain of PheB25 is more exposed and is directed away
from the L1 surface to engage residues Pro718 and Val715 of IR αCT, whereas the side
chain of PheB26 is folded onto the L1 surface where it stacks against the side chain of IR
Asp12 (Figure 2E).
Ligand binding to IR/IGF-1R hybrids
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The hybrid IR/type 1 insulin-like growth factor receptor (IGF-1R) contains two distinct
primary ligand-binding sites: the first comprises the L1 domain of the IR and the αCT
segment of the IGF-1R, and the second consists of the L1 domain of the IGF-1R and the αCT
segment of the IR. The three-dimensional structure of the first site, as an IGF-1 complex with
an IR L1-CR construct and exogenous IGF-1R αCT peptide (IGF-1R residues 691-706), has
recently been obtained 5. This structure (Figure 2F) is very similar to that of insulin bound to
the receptor constructs described above. In particular, it maintains the arrangement of IR
αCT as well as the folding out of the IGF-1 equivalent of the B-chain C-terminal region of
insulin. Within the structure, the IGF-1 C domain remains disordered as in the receptor-free
form (Figure 1D), but the authors suggest that its topology is such that the αCT segment
“threads” through the loop that it forms with respect to the three-helix bundle that is the
growth factor core. The physiological relevance of this structure unclear, as the primary
binding site that it reflects (IR L1 + IGF-1R αCT) has approximately ten-fold lower affinity
for IGF-1 than the alternate primary binding site (IGF-1R L1 + IR αCT) within the hybrid
receptor 24.
It must be pointed out that all of the above IR structures are based on IR-A, i.e., they have
the shorter αCT segment. In the hybrid microreceptor structure 5, the IGF-1R αCT segment
used is equivalent in length to that of IR-A. In all the ligand-complexed structures, the Cterminal region of αCT is relatively poorly resolved. Therefore, it remains an open question
as to whether, within a structure of insulin bound to an IR-B-based receptor construct, the
twelve-residue exon 11-derived segment of the (longer) αCT polypeptide would be ordered
and modulate hormone binding. In the case of IGFs binding to IR-B or an IGF-1R/IR-B
hybrid receptor, the requirement to “thread” the longer αCT segment through the loop
formed by the C domain and the growth factor core may underlie the lower affinity of IGFs
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for these receptor forms 25. We also note the approximately 100-fold higher affinity of IGF-2
for IR-A compared to that of IGF-1 25. One possible reason for this higher affinity is that the
C domain of IGF-2 is four residues smaller than that of IGF-1, and consequently it may be
more easily accommodated in the volume between the receptor αCT segment and receptor
CR domain upon binding to the primary site.
Ligand binding affinity of IR isoforms
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The activation of the two IR isoforms may lead to different biological outcome due to
differences in ligand affinity, interactions with other molecular partners, internalization rates
and phosphorylation patterns of the IR and its substrates. It is now established that the two IR
isoforms have slightly different affinity for native insulin but differ substantially in their
affinity for the two IGFs. IR-A has a high affinity for IGF-2 and a low affinity for IGF-1,
while IR-B has a low affinity for IGF-2 and a very low affinity for IGF-1 26 (Table 1). As
IGF-2 has a similar affinity for both IR-A and the IGF-1R (Table 1), IGF-2 can elicit
different actions through either IR-A or the IGF-1R or both, depending on the relative level
of the predominantly expressed receptor type and on the relative bioavailability of various
ligands.
Recently, proinsulin has been reported as an additional IR-A ligand. Proinsulin binds to
IR-A with a similar affinity as IGF-2 (EC50 4.5±0.6 nM), whereas it has a low affinity for
IR-B (Table 1) 6. Its lower affinity for IR-B compared to that for IR-A may align with it
being energetically more favorable to "thread" the C-terminal region of shorter αCT segment
of IR-A through the loop formed by the C domain of proinsulin and the remainder of
proinsulin than it is to "thread" that of IR-B upon proinsulin engaging the receptor's primary
ligand binding site. Similar to IGF-2, proinsulin effectively stimulates cell proliferation and
migration. However, proinsulin differs from IGF-2 in its low binding affinity for the IGF-1R
and IR/IGF-1R hybrids and can be considered a selective IR-A ligand 6 (Table 1). The
mechanisms by which IGF-2 binds and activates IR-A and the IGF-1R have also recently
been further characterized. Alvino et al. 27 have mapped two distinct receptor sites by sitedirected mutagenesis, and specifically, IGFs have two separate binding surfaces that interact
with these two receptor binding sites. Insulin second binding surface, which includes residue
HisB10, plays an important role in IR activation and mediates mitogenic signals. Similarly, it
has been found that the equivalent binding surface of IGF-2 (in particular, residue Glu12) is
important for IR-A binding and activation. The substitution of the positively charged insulin
residue HisB10 with a negatively charged amino acid (as in IGF-2) plays a role in IR-A
binding affinity and the increased mitogenic effect. Conversely, the introduction of a positive
charge at Glu12 of IGF-2 (equivalent to Glu9 of IGF-1) results in a lower affinity for both the
IGF-1R and IR-A. Similarly, a positive charge at Glu9 of IGF-1 also results in a lower
affinity for the IGF-1R 28. Moreover, insulin residue HisB10 (which is responsible for
interaction with Zn2+ in the hexameric, storage form of the hormone) participates in
metabolic signaling through IR 27.
Additional studies have identified the C-domain of IGFs as the main determinant of
binding specificity to the IGF-1R, IR-A and IR-B. IGF-1 and IGF-2 display a high degree of
homology. They have a single chain divided into four domains: B, C, A, and D (from N- to C
terminus). The A and B domains are similar to insulin, and the C domain sequence is
comparable to that of proinsulin, while the D domain is specific for IGFs. The C domain of
both IGF-1 and IGF-2 is responsible for IR and IGF-1R binding specificity and activation.
Moreover, both flanks of the IGF-2 C domain are shown to have an important role in the
ability of IGF-2 to bind the IR but not the IGF-1R 29. The mature form of IGF-2 derives from
proteolitic cleavage of the E domain at the C terminus of pro-IGF-2. Proteolytic cleavage at
alternative sites in the same domain sequence, produces intermediate forms termed “big”
IGF-2. Pro-IGF-2 and big IGF-2 account for 10-20% of total IGF-2 30.
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As the IR exists in two isoforms (IR-A and IR-B), two possible hybrid receptor combinations
may arise: IR-A/IGF-1R (HR-A) and IR-B/IGF-1R (HR-B). Hybrid formation clearly alters
the specificity of binding sites, as each hybrid ligand binding site comprises parts from both
the constituent IR monomer and the constituent IGF-1R monomer 2,31,32.
Ligand activation of HRs induces the phosphorylation of both IR and IGF-1R moieties
(2,120); therefore, it is a matter of discussion whether HR activation may elicit unique
intracellular signaling, which may differ from the signaling elicited by IR and/or IGF-1R
homodimers. In fact, although the two homodimeric receptors share the same intracellular
signaling cascades for the most part, it is widely accepted that subtle differences in
intracellular substrate activation upon either insulin or IGF binding may result in different
eventual biological outputs 33. The absolute and relative abundance of IR-A, IR-B and IGF1R in a given tissue and HR formation, as well as the availability of IGF-1, IGF-2 and
insulin, are critical therefore in determining the final signaling network that is activated and
the consequent biological output. In this context, it is important to understand whether HR
formation is simply regulated by the relative abundance of the IR and IGF-1R 34 or
additionally modulated by ligands or other factors, and what the HR affinity is for the
different ligands.
So far, attempts to answer these questions have faced significant problems due to the lack
of reliable assays and or of specific antibodies recognizing only HRs or HR activation. HRs
were first described 15 by evaluating the proportion of total I125-labeled IGF-1 binding (a
measure of both the IGF-1R and HRs) immunoprecipitated with an anti-IR antibody (Ab 837) that recognizes HRs but not the IGF-1R. Subsequently, a more sensitive and specific
ELISA was developed 2,34 by first capturing HRs with an IR α-subunit antibody (83-7
antibody) and visualizing them with a biotinylated IGF-1R α-subunit antibody (17-69 Ab).
Recently, nuclear reciprocal immunoprecipitation and co-localization experiments by
immunofluorescence have been employed to demonstrate the presence of HRs in nuclear cell
extracts 35. Similarly, a variety of methodologies have been used to measure the binding
affinity of HRs to IGF-1, IGF-2 and insulin. These include competition-inhibition assays of
I125-IGF-1 binding after polyethylene glycol (PEG) precipitation 36 or HR immunocapturing
2,31
and scintillation proximity binding assays (SPAs) 37. HR autophosphorylation in response
to different ligands has been measured by immunoprecipitation 2,31 and ELISA 2,34 as well as
by bioluminescence resonance energy transfer (BRET)-based assays 31,38. Recently, a new
ELISA has been described in which HRs are immunocaptured by an IGF-1R antibody (24-31
Ab), and HR activation is then measured by a phospho-antibody specific for IR
phosphorylation at Y1334 39.
While all of these studies support the notion that IGF-1 has the highest affinity (of the
three ligands) for HRs, it is unclear whether the affinity of IGF-2 for HRs is similar to that of
IGF-1 or 6-7-fold lower, as it is for homodimeric IGF-1R (Table 2). Moreover, studies
disagree as to whether IGF-1, IGF-2 and insulin have higher affinities for HR-A than for HRB. While Pandini et al. 2 reported a higher affinity for all three ligands for HR-A than for HRB, these findings have not been confirmed by others 31,37. However, a recent study has
confirmed a higher affinity of IGF-1 for HR-A than for HR-B 39, while the insulin affinity
was low for both HR-A and HR-B. The IGF-2 affinity to HRs was not assessed (Table 2).
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III. IR isoform regulation
Although IR isoform expression is tightly regulated, the mechanisms underlying this
regulation are still poorly understood. However, several recent studies have yielded
significant advances in the field.
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Gene transcription.
IR expression can be modulated at the promoter level in a developmental- and tissue-specific
manner. As previously reviewed 1, the IR promoter activity can be positively regulated in
insulin-sensitive tissues by a number of factors, including hepatocyte-specific transcription
factor of the insulin receptor gene (HTFIR) 40, insulin receptor nuclear factor I and II (IRNF-I
and IRNF-II) 41,42 and the transcription factors high-mobility group protein A1 (HMGA1)
and specificity protein 1 (Sp1) 43, while it is negatively modulated by p53 44 (Figure 3). It has
been recently shown that IR promoter occupancy by HMGA1 is dependent on the histone
chaperone nucleophosmin (NPM1), which exerts a chaperoning function on HMGA1mediated gene expression 45. In turn, insulin signaling may induce HMGA1 phosphorylation
and inhibition of its transcriptional activity 46. In Drosophila, IR transcription is also
regulated by multiple cis-regulatory elements, which are enhancers located within introns of
the IR gene. They are indirectly activated or repressed by FOXO1, allowing a temporal and
spatial control of IR gene expression. It has been proposed that FOXO1 initially induces IR
expression via the well known direct binding to the IR gene promoter and by activating
enhancers; subsequently, FOXO1 down-regulates IR gene by repressing enhancers. Besides
this temporal model, FOXO1 may differentially induce IR gene activators and repressors
depending on the spatial binding to each of them, thereby driving a tissue specific control of
IR gene expression. Both mechanisms allow balanced IR levels to be reached 47. Whether this
type of regulation occurs also in humans is unknown.
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Translation regulation by internal ribosome entry sites (IRESs).
Beyond transcriptional regulation at the promoter level, mRNA translation represents a key
regulatory mechanism for the expression of many proteins. Translation is most commonly
initiated by cap-dependent scanning; alternatively, in several genes, the 5’-untranslated
region (5’-UTR) of the mRNA is able to acquire highly complex structures (internal
ribosome entry sites, IRESs) allowing ribosome recruitment and initiation of translation. This
process normally requires polypyrimidine tract-binding protein (PTB) and can be activated
under stress conditions when general translation is reduced 48. It has recently been reported
that the 5’-UTR of human IR mRNA contains an IRES element. IR-IRES activity is
increased by cell density 49, but it is stimulated by insulin only in non-confluent cells. It is
hypothesized that IR-IRES activity may play a role in tissues, such as brain, where mRNA
translation by cap-dependent scanning is less effective.
IR-regulating miRNAs.
Non-coding RNAs such as miRNAs also play a key role in post-transcriptional regulation of
gene expression 50. miRNAs typically bind to an mRNA and negatively regulate its stability
or translation. Most of these are expressed in a tissue-specific manner, suggesting a particular
function, whereas inappropriate regulation of miRNA expression is implicated in the
pathogenesis of many diseases, including proliferative, degenerative, and metabolic diseases
51
. Recent evidence has shown that the post-transcriptional regulation of the IR is also
controlled by miRNAs, with a tissue-specific effect on insulin-sensitivity and insulin
signaling 52. The expression of certain miRNAs targeting the mRNAs of insulin signaling
molecules is aberrantly modulated in obesity and contributes to the pathogenesis of insulin
resistance. Obesity induced by a high-fat diet causes insulin resistance with a concomitant
upregulation in the liver of several specific miRNAs, including miR-15b 53, miR-195 54, miR497 55, and miR-103/107 56 (Figure 3). The overexpression of miR-15b suppresses IR
expression by targeting its 3’UTR, directly impairing insulin signaling and inducing hepatic
insulin resistance 54. Saturated fatty acid and a high-fat diet significantly induce miR-195
expression in hepatocytes. In vitro experiments in HepG2 cells have shown that miR-195
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suppresses the expression of the IR directly through post-transcriptional suppression 54. MiR497 is upregulated in the livers of rats with high-fat diet-induced metabolic syndrome and
contributes to insulin resistance by IR downregulation 55. MiR-103/107 destabilizes the IR at
the membrane by targeting caveolin-1, a critical regulator of the IR. The expression of miR103 and miR-107 is upregulated in obese mice in both the liver and adipose tissue, and the
gain of miR-103/107 function in either the liver or fat tissue affects glucose homeostasis. In
contrast, silencing of miR-103/107 leads to improved glucose homeostasis and insulin
sensitivity 56. IR expression is also suppressed by let-7 miRNA family members. These act as
tumor suppressors by suppressing oncogenes and cell cycle regulators 57–59 and are
downregulated by different proteins, including the RNA-binding proteins Lin28a and Lin28b
60,61
. Overexpression of Lin28b increased IR protein expression in skeletal muscle in vivo,
whereas IR levels were reduced by either let-7f transfection or Lin28b knockdown in human
HEK293T cells. This RNA processing pathway regulates insulin sensitivity and glucose
metabolism and is tightly coordinated, as let-7 and Lin28a/b individually have modest effects
but simultaneously regulate multiple components of IR signaling 62. Another miRNA
involved in IR regulation is the mouse miR-322 (and its human ortholog miR-424), expressed
in a broad range of tissues. MiR-424 downregulates IR and has anti-proliferative and prodifferentiation effects 63 (Figure 3). Further studies are needed to clarify whether these
miRNAs may differentially regulate the relative abundance of IR isoforms.
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Regulation of IR protein levels.
It has been recently reported that the E3 ubiquitin ligase MARCH1 regulates the unstimulated
IR pool at the cellular surface by directing IR ubiquitination in several cell types, including
hepatocytes and white adipocytes. In turn, MARCH1 is itself insulin-regulated through the
transcription factor FOXO1. Therefore, the crosstalk between MARCH1 and the IR has
different consequences under insulin-sensitive and insulin-resistant conditions. Indeed, in the
insulin-sensitive state, IR activation inhibits FOXO1 and, as a consequence, MARCH1
transcription, leading to increased IR content and insulin signaling 64. By contrast, in an
insulin-resistant state, insulin fails to inhibit FOXO1, resulting in enhancement of MARCH1
expression, decreased IR levels at the cell membrane and impaired insulin signaling.
Accordingly, MARCH1 is upregulated in the white adipose tissue of obese insulin-resistant
patients. However, how the MARCH1 crosstalk with the IR contributes to cellular insulin
action has not yet been investigated in vivo. In addition, further experiments are required to
establish whether the role of MARCH1 in IR ubiquitination is conserved in other cellular
contexts, such as cancer cells, and whether it may affect both IR isoforms.
Membrane IR protein expression is also regulated by ligand binding through mechanisms
involving internalization and degradation of hormone-occupied receptors 65. Interestingly,
chronic exposure to hyperinsulinemia associated with obesity and insulin resistance, may
promote IR down regulation also via induction of endoplasmic reticulum stress and activation
of the autophagy pathway 66. More details regarding the mechanisms underlying downregulation of the two IR isoforms, upon acute and prolonged ligand stimulation, are described
in section IV, paragraph titled “Differential signaling and trafficking of IR isoforms”.
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B. IR isoform generation

After transcription, pre-mRNA undergoes processing in which exons are joined and introns
are removed by a complex of ribonucleoproteins called the “spliceosome”. Splicing
regulatory RNA binding proteins bind to the pre-mRNA and promote or suppress
“spliceosome” formation on the alternative splicing sites. The recognition by splicing factors
of exons and introns during pre-mRNA splicing relies on regulatory elements located within
exons and flanking introns. The mechanism of IR alternative splicing and the identification of
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Alternative splicing regulation of the IR gene.
Both intron 10 and the alternatively spliced exon 11 contain regulatory sequences that affect
IR splicing both positively and negatively 67,68 (Figure 3). Critical sequences regulating the
splicing process have been mapped upstream of the break-point sequence of intron 10 and in
exons 10, 11, and 12. Splicing factors that control exon 11 inclusion/exclusion are expressed
in a tissue- and developmental stage-specific manner. Indeed, the resulting IR-A/IR-B ratio
reflects the balance between splicing factors including CELFs (CUG-binding protein and
Elav-like family members), hnRNPs (heterogeneous nuclear ribonucleoprotein family
proteins), MBNL (muscleblind-like protein), SR proteins, and RBM4 (Figures 3 and 4).
CELFs are proteins that regulate mRNA alternative splicing, editing, and translation.
CUGBP1, a splicing factor belonging to this group, was the first discovered regulator of IR
exon 11 splicing. This factor binds two silencer sequences, one located upstream of exon 11
at the 3’ end of intron 10, and one in the middle of the same exon, promoting exon 11
exclusion and thus favoring IR-A expression 69.
The hnRNPs are another group of proteins involved in IR pre-mRNA splicing and mRNA
export, stability and translation 70. Talukdar et al. 71 identified two hnRNPs able to modulate
IR splicing. Specifically, they reported that hnRNP F and A1 bind intronic and exonic
splicing regulatory elements that are GA-rich, antagonistically regulating the alternative
splicing of exon 11. Indeed, hnRNP F binds to both ends of intron 10, resulting in inclusion
of exon 11 (promoting IR-B expression), while hnRNP A1 binds similarly to intron 10 but
also to the 5’ splice site of intron 11, resulting in exclusion of exon 11 (promoting IR-A
expression) 71.
Within intron 11, there is an intronic enhancer element highly conserved across species 69.
Mbnl1, a splicing factor belonging to the MBNL proteins, recognizes this region and
promotes exon 11 inclusion, thus increasing IR-B expression 69,72. Moreover, Mbnl1
antagonizes CUGBP1 in several alternative splicing events, including that of IR exon 11 73.
In addition, Mbnl1 interacts with other splicing regulators involved in IR mRNA regulation;
for example, it inhibits hnRNP H action 73.
A family of serine-arginine rich proteins (SR proteins) plays a crucial role in the
alternative splicing of mRNA. They bind to exonic and intronic sites and interact with small
nuclear ribonucleoproteins (snRNPs) to facilitate their association with splicing sites 74.
Specifically, the splicing factors SRp20 and SF2/ASF, belonging to the SR family of proteins,
bind to the enhancer sequence at the 5’ end of exon 11 and promote IR-B isoform formation.
Sen et al. 69 demonstrated that SRp20 and SF2/ASF antagonize CUG-BP1 activity in
regulating IR alternative splicing and that the balance of these splicing factors is fundamental
to determining the ratio of IR isoform expression.
RBM4 regulates mRNA alternative splicing and translation 75. It promotes exon 11
inclusion and favors IR-B expression by binding to GC-rich motifs. Lin et al. observed that
Rbm4 knockout MEFs and adult muscles had higher levels of the exon 11-skipped IR-A
isoform 76. RBM4 is involved in the alternative splicing regulation of transcripts involved in
muscle cell differentiation, as previously observed in vitro 77.
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regulatory sequences and factors that control the IR-B/IR-A ratio are of critical importance
for the full understanding of IR isoform actions.

Insulin modulation of IR gene splicing.
Splicing factors are modulated by growth factors, and insulin is a known regulator of the
activity and expression of several splicing factors 78,79. However, the available data on the
possible role of insulin in the regulation of IR splicing are controversial 1. Recently, it has
been reported that weight loss induced by either bariatric surgery or a very low-calorie diet is
associated with an increased relative abundance of IR-B in both subcutaneous and visceral
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adipose tissue. A multivariate analysis indicated that the reduced fasting insulin level
consequent to weight loss was the major determinant of this IR-B increase. The effect of
weight loss on IR splicing could be mediated by changes in the expression of various splicing
factors. In particular, low insulin levels were strongly associated with reduced hnRNP A1,
which is known to inhibit exon 11 inclusion. Weight loss also regulated other splicing factors,
such as SF3A1 and SFRS7 80. Besic et al. 81 studied IR isoform expression in liver specimens
from 46 patients with or without type 2 diabetes (T2DM) undergoing bariatric surgery and
found that the IR-A:IR-B ratio was increased in diabetic patients compared to non-diabetics,
suggesting a role for hyperinsulinemia in favoring IR exon skipping. As expected, the IRA:IR-B ratio normalized in 16/46 patients 17±5.6 months after bariatric surgery 81. These
data confirm previous results obtained in spontaneously obese and diabetic rhesus monkeys
indicating that hyperinsulinemia is associated with IR-A expression 1,82. On this basis, it
could be hypothesized that high levels of IGF-2 in cancer may regulate a positive feedback
loop through IR-A activation, thus increasing IR-A abundance. In a similar way, EGF has
been shown to increase IR-A in cancer cells (65) (see the paragraph titled ‘Mechanisms of
the increased IR-A:IR-B ratio in cancer’). By contrast, in both human and mouse pancreatic
beta cells, insulin was reported to induce exon 11 inclusion through the activation of the RasMAPK/ERK signaling pathway and consequent upregulation of the splicing factors SRSF1
and MBNL1 83. In this model, glucose metabolism, which stimulates insulin secretion, and
constitutively active glucokinase (GCK) increased exon 11 inclusion as well. However, low
glucose favored exon 11 inclusion, while high glucose and lipids induced MBNL1 and
increased IR exon 11 skipping. The authors of the study hypothesized that in beta cells,
unlike in other tissues, insulin may favor survival through the IR-B and not the IGF-2/IR-A
circuitry 83. It is unclear how these findings fit with previous data indicating that insulin gene
transcription by pancreatic cells requires IR-A signaling 84.
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Differential IR isoform regulation at the protein level.
The relative protein abundance of IR isoforms may also result from differences in their
maturation process. The IR is synthesized as a proreceptor and undergoes proteolytic
cleavage to become active. This modification occurs in the Golgi compartment, and it is
modulated by the convertase furin. The two IR isoforms are both cleaved by furin, but
cleavage is essential only for IR-A maturation 85. Indeed, when furin-dependent maturation is
inefficient, IR precursors move to the cell surface, where a different convertase, PACE4,
selectively supports IR-B maturation. Accordingly, furin inhibition may reduce IR-A
maturation and its downstream signaling and cell mitogenic activity 85. On the basis of these
data, it could be hypothesized that high expression levels of PACE4 in the liver 86 may
contribute to the predominant expression of IR-B in this organ.
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IV. Ligand-dependent signaling of IR isoforms
A. IR-A downstream signaling after IGF-2, IGF-1 and proinsulin binding

Recent evidence indicates that the IR-A isoform may elicit partially different intracellular
signaling and biological effects upon binding of different ligands. In cells lacking the IGF-1R
and expressing solely the IR-A, IGF-2 induced lower IR-A phosphorylation than insulin but
activated p70S6 kinase (p70S6K) at higher levels than insulin. Insulin and IGF-2 induced
similar peak levels of ERK1/2 and Akt activation. However, ERK1/2 activation was more
prolonged after IGF-2 stimulation compared to insulin, whereas Akt activation was more
prolonged after insulin than after IGF-2 stimulation 87. These findings are in close agreement
with previous data showing that IGF-2 and insulin elicit partially different gene expression
patterns through IR-A 88 and may help explain the more potent mitogenic effect but weaker
metabolic effect of IGF-2 in respect to insulin 89,90. In the same cell model, IGF-1 also
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induced significant ERK and Akt activation despite low-affinity binding and minimal IR-A
autophosphorylation. Indeed, both IGF-1 and IGF-2 activated IR-A, inducing higher
p70S6K/Akt and ERK1/2/Akt activation ratios than insulin 87.
IGF-2 precursors (pro-IGF-2 and big IGF-2) are also present in human plasma. Pro–IGF2 represents approximately 13% of the total IGF-2, and big IGF-2 represents approximately
16%. Both forms are increased in the plasma of patients with non-islet cell tumor
hypoglycemia. Mature and big IGF-2 were equipotent in activating autophosphorylation of
both IR isoforms, while pro-IGF-2 was less potent 91. Moreover, both mature and big IGF-2
elicited greater Akt activation in cells expressing IR-A than in cells expressing IR-B, in line
with the higher affinity of IGF-2 for IR-A 89. Therefore, IR-A is activated by both mature and
big IGF-2 rather than by pro-IGF-2.
Proinsulin was approximately equipotent to IGF-2 and insulin in activating cell
proliferation and migration in cells expressing only IR-A. The intracellular signaling elicited
by proinsulin was similar to that observed with IGF-2, with an increased p70S6K:Akt
activation ratio compared to insulin. In fact, proinsulin induced a slower negative feedback
mechanism on IR activation, as IR and IRS1 degradation required a longer period of
stimulation (24 h) compared to insulin (8 h), thus explaining its more potent mitogenic and
migratory effects 6. However, the significance of the proinsulin interaction with IR-A in
adults is still unclear.
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B. IR isoforms ligand bioavailability and pathophysiology implications
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Insulin and proinsulin are mainly secreted after a meal and circulate largely in their free
forms. Fasting circulating insulin levels are low, ranging from approximately 55 to 75 pM (811 µIU/mL). During digestion, to avoid IR downregulation in target cells, insulin is released
from the pancreas within a 3-6 minute period of time, generating a blood concentration that
varies from more than 800 pM to less than 100 pM.
In adults, fasting circulating levels of proinsulin are lower than 10 pM, but they reach 1050 pM or higher in insulin-resistant patients with T2DM 92,93. Both insulin and proinsulin
concentrations are several fold higher in the portal vein than in the peripheral bloodstream
and are efficiently removed by the liver. As the liver almost exclusively expresses IR-B, it is
exposed to the metabolic effects of insulin and protected from the mitogenic effect of
proinsulin and IGFs. Of note, the hepatic removal of proinsulin is approximately 10-15 times
less than that of insulin, accounting for its prolonged half-life in vivo and its relatively high
plasma concentration in the fasting state. Proinsulin may have an important biological role in
prenatal/early neonatal life 94. Recently predominant expression of the translationally inactive
intron 1-containing proinsulin mRNA isoform together with low expression of the
translationally active proinsulin transcript (Pro1B) has been found in the developing hearts of
chick embryos expressing IR-A, where forced expression of Pro1B led to heart malformation.
These results suggest that the fine-tuned regulation of proinsulin expression plays an
important role during embryonic development and that the excess proinsulin observed in
diabetic mothers may be teratogenic 95.
However, the role of proinsulin in adults is still unclear, as circulating proinsulin levels
are a fraction of the insulin levels, and proinsulin affinity for the IR-A is approximately 5fold lower than insulin affinity 6. However, proinsulin levels increase with age 96. Moreover,
in obesity-related T2DM, islet β-cell dysfunction is characterized by accelerated proinsulin
synthesis and dysregulated proinsulin processing, insulin granule formation and insulin
secretion that may cause a high proinsulin/insulin ratio 97. An excess of nutrients and other
stressors, such as cytokines, may also increase the proinsulin/insulin ratio 98. Interestingly,
fasting proinsulin levels are associated with all-cause and cardiovascular mortality 99 and are
predictive of stroke in elderly men 100. In line with these studies, exogenous proinsulin
administration was associated with an increased incidence of cardiovascular events 101.
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While insulin and proinsulin plasma concentrations vary depending on fasting or feeding
conditions, IGF levels in the blood are more stable. More than 90% of IGFs circulate in
complexes with members of a family of six different IGF-binding proteins (IGFBPs), which
regulate both the half-life and the biological activities of IGFs 102,103. The majority of
circulating IGF-1 is produced by the liver under the control of GH, which also regulates
IGFBP-3 production (the most abundant IGFBP). Circulating levels of IGF-1 can reach 20
nM, and free IGF-1 accounts for approximately 1500 pM of that total. IGF-2 is widely
expressed and not very responsive to GH, and it is more abundant than IGF-1 in serum,
reaching levels of 80 nM. Notably, the free IGF-2 concentration is approximately 400 pM,
higher than the fasting insulin concentration 104. The physiological role of IGF-2 in adults is
still poorly defined and is probably linked to the regulation of trophic, survival and
differentiation signals in skeletal muscle, adipose tissue, bone and ovary 105. Insulin is
involved in the regulation of IGF function both directly, by upregulating hepatic GH
receptors and increasing IGF-1 production 106, and indirectly by increasing the amount of
bioavailable IGFs through the inhibition of IGFBP-1, which gene is a FOXO1 target 107.
Specifically, insulin-activated AKT translocates into the nucleus where it phosphorylates
FOXO1, thus inducing its nuclear exclusion and preventing it to bind the insulin response
element (IRE) located in the IGFBP-1 promoter 108. Given the tissue distribution of IR
isoforms and the serum concentrations of insulin and IGFs, it can be hypothesized that during
fasting, when insulin concentrations are low, IR-B is activated at a low level by insulin, while
IR-A is mostly activated by IGF-2. In contrast, both IR isoforms are predominantly activated
by insulin during a post-prandial state, with the possible exception of tissues with low insulin
availability and substantial IGF-2 production, as is the case for some areas of the brain 109
(Table 3).
C. Differential signaling and trafficking of IR isoforms
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Ligand-mediated endocytosis of membrane receptor tyrosine kinases (RTKs) has emerged in
recent years as a critical mechanism in the regulation of receptor action and contributes to
fine-tuning the intensity and duration of receptor-initiated signaling 110,111. Ligand-induced
polyubiquitination of RTKs targets them for degradation through the lysosomal pathway,
thus promoting receptor downregulation 112. However, recent studies have demonstrated that
the EGFR, PDGFR and IGF-1R are not polyubiquitinated but rather monoubiquitinated at
multiple sites (multiubiquitination), and this modification ensures receptor sorting and
degradation 113–117.
In spite of the important role played by the IR in modulating several physiological and
pathological processes, the mechanisms regulating IR ubiquitination, endocytosis and sorting
are still poorly characterized 116,118. The vast majority of the original experiments on IR
internalization were performed before the identification of the IR-A isoform 119 and mostly in
adipocytes, which preferentially express the IR-B isoform 118,119, and demonstrated that IR
internalization occurs through both clathrin-dependent and clathrin-independent pathways 118.
Therefore, whether the IR-A and IR-B isoforms differ in their endocytosis from the cell
surface and the role of their ligands in modulating this process are relevant issues. Based on
the observation that IGF-2 is as mitogenic as insulin through the IR-A isoform despite a 3-5fold lower affinity than insulin for the receptor and a reduced capacity to induce IR-A
phosphorylation 89,90, studies were performed to evaluate the hypothesis that insulin and IGF2 might differentially regulate IR-A trafficking, thereby differentially affecting downstream
responses 120. Using R-/IR-A cells, which lack the IGF-1R 121 and express solely the human
IR-A isoform 122, it has been shown that insulin promotes significant IR-A internalization
through clathrin-dependent and clathrin-independent pathways, a process minimally affected
by IGF-2 120. Significantly, the differential internalization was not due to a defect in IR-A
ubiquitination, which was comparable after insulin or IGF-2 stimulation 120. Instead,
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prolonged stimulation of R-/IR-A cells with insulin, but not with IGF-2, preferentially
targeted the receptor for degradation 120 through clathrin-dependent endocytosis. Low-affinity
insulin analogs behaved similarly to IGF-2 120. Additionally, upon insulin and IGF-2
stimulation, clathrin-dependent endocytosis was critical for IR-A-dependent activation of
Akt, while clathrin-independent endocytosis preferentially regulated IR-A-dependent
activation of ERKs 120.
These results provided the first characterization of IR-A endocytosis and demonstrated
the critical role that this process plays in regulating IR-A activation and downstream
biological effects mediated by insulin and IGF-2. Accordingly, a recent study 123 has shown
that the ability of various ligands to differentially promote IR-A phosphorylation and
internalization rates has a major impact in regulating mitogenic and metabolic responses 123.
Giudice et al. 124 have recently performed similar experiments comparing insulin and
IGF-2 actions on IR-B internalization and signaling and demonstrated that IGF-2 promotes
faster IR-B internalization than insulin, which regulates IR-B mitogenic action through
endosomes 124. By contrast, upon insulin stimulation, IR-B mostly remains at the cell
membrane, thus facilitating an interaction with effector molecules involved in the regulation
of IR-B-dependent metabolic responses 125. Hence, IR-B retention at the cell membrane by
the expression of a traceable chimeric IR mutant fully retained its ability to activate the Akt
pathway 126.
The level of IR phosphorylation seems to play a more important role than ubiquitination
in regulating IR-A internalization 118,120,123 and may also affect the ability of IR-A to recruit
proteins important for receptor internalization, such as Grb10/14 or SH2B1/B2 127,128, which
bind the IR upon insulin stimulation 127,129–131 and regulate insulin-dependent IR stability
127,132
. Early studies have shown that IR-A, which has a higher affinity for insulin but has a
less potent kinase 133,134, may internalize and recycle faster than IR-B 135. However, more
studies are warranted to clarify better the endocytosis and trafficking of the two IR isoforms
after insulin stimulation.
Another layer of complexity in the regulation of IR isoform trafficking and signaling is
the fact that the IR, like the IGF-1R, can bind proteins of the extracellular matrix, and these
interactions have a profound role in regulating ligand binding and ligand-induced receptor
activation and signaling 136,137. In this regard, it has been recently demonstrated that the
proteoglycan decorin binds IGF-2 and insulin with a high affinity and proinsulin and IR-A
with a three-fold lower affinity 26. Although decorin did not affect ligand-induced IR-A
phosphorylation and did not modulate IGF-2- and proinsulin-induced IR-A internalization 118,
it significantly reduced insulin-mediated IR-A internalization 118, indicating that decorin
binds IR-A at the cell surface and may modulate its levels. Importantly, decorin reduced IGF2-induced Akt activation, enhanced IR-A downregulation after sustained IGF-2 stimulation
and significantly diminished IGF-2-induced cell proliferation 118. By contrast, decorin did not
affect insulin- or proinsulin-induced signaling and biological responses downstream of IR-A
118
. These results demonstrated that decorin differentially regulates IR-A ligands and provide
a plausible mechanism whereby decorin loss may contribute to tumor formation in cancer
systems addicted to an IGF-2/IR-A autocrine loop.
The spindle checkpoint protein hMAD-2 (human homolog of yeast MAD-2) is also
involved in IR endocytosis. hMAD-2 constitutively binds the IR through the MAD-2
interacting motif (MIM) found in the C-terminal cytoplasmic tail of the IR 138. Indeed, MAD2 binding facilitates the recruitment of the clathrin adaptor AP2 to the IR and constitutive
clathrin-mediated IR endocytosis with IR signaling inhibition. Hence, the MAD-2 inhibitory
protein p31comet counteracts the IR-MAD-2 interaction and enables signal transduction
through the IR. Indeed, liver-specific ablation of p31comet in mice causes insulin resistance,
hyperinsulinemia, glucose intolerance and hyperglycemia and diminished the localization of
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the IR at the plasma membrane in hepatocytes, affecting nutrient metabolism 138. According
to these data, it is possible to speculate that premature IR-B internalization in the liver, prior
to insulin binding, may potentially contribute to metabolic disorders such as T2DM. Whether
this system may also affect IR-A isoform trafficking in other contexts such as cancer cells is
unknown.
V: Role of IR isoforms in IR signaling diversification and partitioning

Signaling through HRs
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The formation of HR-A and HR-B is certainly a major source of IR signaling diversification
139,140
. Since HRs are often more abundant than IR and IGF-1R homoreceptors, defining their
specific signaling output is pivotal to further understanding insulin and IGF signal
diversification in many aspects of physiology and disease.
As insulin has a much lower affinity for HRs than for the IR holoreceptor, HR formation
in tissues with physiological IR levels may favor insulin resistance. In line with this concept,
Chisalita et al. 141 found that in cultured human aortic smooth muscle cells (HASMCs), the
presence of HRs impairs IR-mediated metabolic signaling and causes insulin resistance. The
authors hypothesized that because of the low number of homodimeric IRs, physiological
concentrations of insulin generate a weak downstream signal, while both IGF-1 and IGF-2
elicit a strong and unique downstream signal by activating both the IGF-1R and HRs. In
accordance with this proposed model, in vascular smooth muscle cells (VSMCs) in the basal
state, most IRs are sequestered into insulin-insensitive HRs. The formation of HRs therefore
contributes to reducing the insulin-mediated downstream events such as PI3K/Akt activation
and glucose uptake or inhibition of pro-inflammatory pathways (i.e., NF-κB). In accordance
with this interpretation, IGF-1R disruption was followed by an increased number of IR
holoreceptors, improved insulin sensitivity, reduced NF-κB activation and expression of the
inflammatory gene MCP-1 in response to TNF-α 142. Similar results were obtained in
genetically modified mice with global or endothelium-specific IGF-1R deletion. In these in
vivo models, IGF-1R deletion resulted in enhanced insulin-mediated vasorelaxation, eNOS
activation, and generation of the anti-oxidant/anti-inflammatory nitric oxide (NO) 143.
Complementary in vitro studies conducted in human umbilical vein endothelial cells 143,
human cardiac microvascular endothelial cells (HMVEC-Cs) 144, platelets 145 and preadipocytes 146 corroborated these in vivo data. Overall, these findings strongly suggest that
the IGF-1R, by participating in HR formation, may act as a negative regulator of insulin
signaling and contribute to insulin resistance, at least in cells of the vascular system and in
pre-adipocytes. However, there is also the possibility that in skeletal muscles, IGFs may
partially compensate for insulin resistance by acting through HRs (see also the paragraph
titled ‘Glucose and lipid metabolism’).
HRs are mostly believed to arise randomly and stoichiometrically from existing IRs and
IGF-1Rs 140. According to this hypothesis, which is supported by experimental data obtained
in placenta, human cancer cell lines and transfected cells 2,140 , the amount of HRs can be
calculated as follows: HRs = 2√IGF-1R√IR. This calculation assumes that the levels of
mature receptors expressed at the cell membrane reflect the relative pools in the subcellular
compartments where the assembly occurs and does not take into account possible differences
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The IR may undergo various types of signal diversification, including binding different
ligands, the expression of different isoforms, the formation of hybrid receptors with the IGF1R and crosstalk with other membrane molecules. Moreover, the IR may exhibit functional
activity after nuclear localization. The relevance of IR isoforms in these settings is variably
documented and may need further research.
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in receptor turnover and/or possible posttranslational controls on receptor assembly and
processing.
However, there is some scattered evidence that HR assembly may also be modulated. For
instance, HCT116 human colon cells were found to express lower HR levels than predicted
by the IR and IGF-1R abundance 147. Moreover, Hernandez et al. 148 have provided evidence
that in VSMCs, IGF-2 binding favors an interaction between IR-A and the IGF-1R,
enhancing HR-A formation, which would induce cell proliferation in response to IGFs and
contribute to the early atherosclerotic process as well as to the development of vascular
insulin resistance. Furthermore, it has been suggested that in trophoblast cells, TNF-α may
inhibit HR assembly and reduce IGF-1-dependent HR phosphorylation 149. However, the
mechanisms by which HR assembly may be modulated have not been investigated.
In contrast with non-transformed cells, malignant cells often express very high levels of
HRs, especially HR-A 2. A few studies have provided evidence that in such conditions,
insulin may induce biological actions through HRs. For example, in multiple myeloma cell
lines and primary cultures, insulin, similar to IGF-1, was able to phosphorylate the IGF-1R
and activate Akt and MAPK but not JAK/STAT3 or NF-κB. In these cells, HRs measured by
an immunoprecipitation assay in non-denaturing conditions were activated to transduce
insulin-dependent signaling and to confer potent pro-survival and proliferative activities at
physiological (100 pg/ml) concentrations of insulin. At the same time, HR formation
increased the amount of high-affinity receptors for IGF-1 and IGF-2, which also contributed
to the transduction of HR-mediated effects 150. Interestingly, several myeloma cell lines
express only the IR-A isoform and not the IR-B isoform 151, confirming previous evidence
that HR-A might also respond to insulin.
Similarly, insulin, like IGF-1 and IGF-2, was able to activate ERK1/2 and proliferation in
estrogen-independent HEC-1 endometrial carcinoma cells, which express a high level of HRs
152
. These studies have raised concerns that insulin analogs used in the treatment of diabetes
could have increased affinity for HRs compared to native insulin. Using a BRET assay, a
recent study found that only the long-acting insulin analog glargine, but not its active
metabolites M1 and M2, binds with a high affinity to both HR-A and HR-B. Interestingly, the
short-acting analog Lispro also binds to both HR subtypes with an approximately 3-fold
higher affinity than native insulin, while another short-acting insulin analog, Aspart, binds
HR-B, but not HR-A, with a 2-fold higher affinity than native insulin 38.
Finally, HRs were recently detected in the nucleus of human corneal epithelial cells 35.
Since the IR, but not the IGF-1R, possesses a putative nuclear localization sequence (NLS), it
was hypothesized that the IR moiety of HRs guides the IGF-1R to the nucleus through the
importin system. Alternatively, HRs may traffic into the nucleus through SUMO
modification of either the IGF-1R or IR, as previously described for the IGF-1R 153. The
nuclear function of HRs is currently unknown.
In summary, HR assembly appears to be regulated not only by the relative abundance of
IR and IGF-1R hemidimers but also by soluble factors. Clearly, HRs have high-affinity
binding sites for IGF-1 and IGF-2. Accordingly, in non-transformed cells of the vascular
system with relatively low IR expression, the relevant IR incorporation into HRs may
contribute to the impairment of the metabolic and anti-inflammatory effects of insulin and
expose cells to the mitogenic and pro-inflammatory effects of IGF-1 and IGF-2. By contrast,
high HR-A expression in certain malignant cells likely transmits not only IGF-1 and IGF-2
signals but also insulin signals. More studies, and possibly new technical advances, are
needed to better understand assembly regulation and the ligand affinity and signaling output
of HR-A and HR-B in physiology and disease.
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- Transmembrane hormone receptors.
There is evidence showing that the IR crosstalk with at least two receptor partners, the
hepatocyte growth factor (HGF) receptor Met and the non-canonical estrogen receptor
GPER, is implicated in the regulation of glucose metabolism in response to insulin.
In primary cultures of human hepatocytes as well as in hepatocarcinoma cells, exposure
to either insulin or HGF induced the formation of an IR-Met hybrid complex, which occurred
concomitantly with bi-directional activation of both Met and the IR, recruitment of IRS
proteins, mostly IRS-2, and stimulation of the PI3K and MAPK signaling pathways 154. In
vivo studies demonstrated that after the intraperitoneal injection of insulin in mice, a
functional IR-Met crosstalk was crucial for liver glucose homeostasis. Indeed, loss of Met
function in mice induced hyperglycemia under fasting conditions and significantly impaired
glucose clearance. Conversely, in gain-of-function ob/ob mice, HGF suppressed hepatic
glucose production and output and restored insulin sensitivity. This cooperation between IR
and Met occurred preferentially in the liver, which expresses high amounts of both receptors
and IRS1/IRS2, but not in adipose tissue and skeletal muscle, which express lower Met levels
154
. These studies did not investigate whether both IR isoforms were equally able to form
hybrid receptors with Met. Although liver predominantly expresses the IR-B isoform, the
preferential formation of Met/IR hybrids in the liver was attributed to the high abundance of
both receptors and not to a specific property of IR-B. As both Met and IR are often
overexpressed in several malignancies 155, which may also express the corresponding ligands
in autocrine/paracrine manner, it is possible that the described functional crosstalk between
the IR and Met might also play a role in cancer and control biological responses such as cell
motility, growth and morphogenesis, rather than just glucose and lipid metabolism. In cancer
cells, IRs could possibly participate in the extensive network of Met interactors, which
includes, among others, RET, EGFR, integrins, and certain G protein-coupled receptors 156.
In view of these data, it is possible that the high circulating HGF levels observed in obesity
157–161
may represent a compensatory mechanism, which would counteract the increased
insulin resistance via IR-Met crosstalk. Therefore, it could be hypothesized that the increased
HGF levels in obese patients may contribute to cancer progression in tumors overexpressing
the IR and Met. Further studies are necessary to fully clarify the implications of the IR-Met
crosstalk in cancer.
The G protein-coupled estrogen receptor (GPER) is a non-canonical, 7-transmembrane
domain receptor involved in rapid estrogen signaling 162. Recent studies have identified an
important role of the GPER in glucose metabolism 163. In particular, GPER genetic knockout
(KO) mice develop obesity, insulin resistance and glucose intolerance and impaired insulin
secretion, among other defects. In accordance with these studies, we found that in cancer
cells and in fibroblasts from breast cancer patients (CAFs), insulin upregulates GPER
expression and functions through the activation of the PKCd/MAPK/c-Fos/AP1 transduction
pathway. Both IR-A and IR-B isoforms induced GPER upregulation, which in turn enhanced
the proliferative and migratory response to insulin and boosted glucose uptake 164. Notably, in
CAFs, GPER mRNA expression was positively correlated with patient serum insulin levels,
highlighting the potential role of the GPER in cancer progression in individuals with
hyperinsulinemia. Other studies have shown a similar crosstalk between the GPER and IGF1R and that these two receptors may directly interact 165–168. The biological significance of
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There is increasing evidence that IR-mediated signaling may undergo significant
diversification, not only by forming hybrids with the IGF-1R but also by interacting with
various other membrane molecules, thus generating molecular networks that might play a key
role in physiological actions, such as glucose uptake and metabolism. Dysregulation of these
molecular networks may, therefore, be associated with various disorders such as insulin
resistance and cancer.
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- Matrix receptors.
We have recently used proteomics approaches in cells solely expressing the IR-A isoform to
identify several putative molecular partners uniquely recruited to phosphotyrosine protein
complexes after cell stimulation with IGF-2 169. Among these molecules, the non-integrin
collagen receptor DDR1 (Discoidin Domain Receptor 1) was further characterized as a new
IR-A molecular partner. In fact, in human breast cancer cells DDR1 associates with the IR
after cell stimulation with both insulin and IGF-2 and increases IR expression through
multiple mechanisms. As a consequence, DDR1 expression increases IR phosphorylation,
downstream signaling and biological responses, including cell invasion and colony
formation, after cell exposure to both insulin and IGF-2 170. A similar functional crosstalk
was observed between DDR1 and the IGF-1R 171. In turn, insulin and IGFs, via the
PI3K/Akt/miR-199a-5p pathway, upregulate DDR1, providing a positive feedback loop of
insulin/IGF effects 172. These data suggest that in malignancies with an activated IR-A/IGF-2
loop, IR-A could constitutively interact with DDR1, triggering biased signaling.
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- Caveolins and IR partitioning.
In view of previous observations that IR-A and IR-B may reside in membrane subdomains
that are differentially sensitive to cholesterol depletion 84, studies focused on IR interactions
with molecules expressed in specific membrane subdomains may help explain the different
biological roles of the two IR isoforms. The IR is often found in caveolae, which are
caveolin1 (cav-1)-rich cell membrane invaginations representing a subdomain of lipid rafts
that require cholesterol 173. In humans, cav-1-mediated IR signaling is likely required for
glucose metabolism. In fact, cav-1 mutations induce generalized lipodystrophy, insulin
resistance, and hypertriglyceridemia 174, and cav-1 silencing in skeletal muscle is associated
with insulin resistance in vitro and in vivo 175. Moreover, adipocyte differentiation is
associated with a strong induction of cav-1, along with a coordinated increase in IR, PKBAkt and GLUT-4 expression 176. Likewise, age-dependent insulin resistance in JYD mice is
associated with the progressive loss of cav-1 in skeletal muscle 175, as is insulin resistance in
mice fed a high-fat diet 177. In agreement with these findings, cav-1 targeting by miR-103 and
miR-107, which are increased in obesity, results in reduced IR stability and expression in
caveolae-enriched plasma membrane microdomains and insulin resistance 56. Whether cav-1
differentially regulates IR isoforms remains to be determined.
Recent studies have reported a different mode of IR signaling that occurs in a particular
subset of membrane microdomains and requires cav-2 178,179. According to these results,
insulin binding induces cav-2 association with the activated IR at the NPEY motif in the IR
juxtamembrane region. The fatty acylation status of cav-2 is crucial for membrane
localization and interaction with the IR. Cav-2 becomes phosphorylated on Tyr19 and Tyr27
and promotes IRS-1 recruitment to the IR and increased PI3K-Akt and ERK activation, thus
playing a key role in glucose uptake, cell survival and the proliferation of 3TL1
preadipocytes and adipocytes 179. These results were unaffected by cholesterol or ganglioside
depletion but were modulated by actin depolymerization. Moreover, Tyr27-cav-2 caused
prolonged IR activation by interfering with the IR-SOCS-3 interaction 180. Most of these
observations were made in IR-B-transfected cells or in 3TL1 pre-adipocytes and adipocytes.
Therefore, it is important to assess whether cav-2 is equally important for IR-A signaling. As
cav-2 is widely expressed and upregulated in various tumor cells 181, it is plausible that cav-2dependent IR-A signaling may contribute to prolonged IR tyrosine kinase activation and
cancer cell mitogenesis and invasion (Figure 5). Notably, insulin induces the nuclear
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future studies.
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- Membrane gangliosides.
Another molecule that might modulate the differential partitioning of IR isoforms between
caveolae and other non-caveolar microdomains is the ganglioside GM3, an important
component of membrane microdomain lipid rafts. GM3-enriched microdomains have a
different lipid composition than caveolin-enriched microdomains and are not affected by
cholesterol depletion. GM3 physically binds to the IR, and this interaction functionally
competes with the IR-cav-1 association 183. Therefore, a TNF-α-mediated GM3 increase
causes dissociation of IR-cav-1 complexes and increases IR mobility from caveolar
microdomains into GM3-rich microdomains, reducing insulin-mediated signaling 184–187.
Conversely, GM3 knockout or depletion increases insulin signaling 188. GM3 synthesis and/or
metabolism undergoes significant dysregulation in inflammatory and metabolic disorders and
cancer 189,190. Further studies are needed to clarify how GM3 may affect IR isoform
partitioning and function in physiologic and pathologic conditions.
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- Membrane proteoglycans.
An additional cell-surface molecule and circulating factor, glypican-4 (Gpc4), has been
shown to bind the IR and modulate its signaling and action. Gpc4 belongs to a six-member
family of glycosylphosphatidylinositol (GPI)-anchored heparan sulfate proteoglycans, which
function as co-receptors for a variety of growth factors and other trans-membrane proteins.
Gpc4 interacts with the unoccupied IR under basal conditions and dissociates upon insulin
stimulation and receptor activation 191. This Gpc4-IR interaction enhances IR functions, while
depletion of Gpc4 reduces IR phosphorylation and downstream signaling. In addition, Gpc4
can be released from adipose tissue and acts as an insulin-sensitizing “adipokine”, which
might counteract insulin resistance in obesity. The positive modulatory effect of Gpc4 on the
IR may have important consequences in diabetes and cancer. Indeed, these data may
encourage the discovery of new antidiabetic drugs. Further studies are required to assess
whether Gpc4 may play a role in cancers overexpressing the IR-A isoform.
With the exception of Gpc4, a common feature of the IR crosstalk with these interactors
is that they all are ligand-dependent or at least ligand-enhanced. Therefore, the consequences
of these crosstalks may be different based on the tissue distribution of IR isoforms and the
availability of IR ligands and molecular partners. For instance, in insulin target tissues
predominantly expressing IR-B and in insulin-sensitive individuals, IR-B crosstalk with
molecular partners is expected to be phasic and dependent upon the post-prandial insulin
surge. By contrast, in insulin-resistant states, IR-B binding to cav-1 may be compromised and
the IR-A:IR-B ratio modified in favor of IR-A 192. Hyperinsulinemia may, therefore, activate
IR-A and its steady crosstalk with other available molecular partners with predominantly
non-metabolic actions (Figure 6). A similar scenario may occur in cancer cells, where both
IR-A and IGF-2 are often overexpressed. In this context, IGF-2 may induce continuous IR-A
crosstalk with the aforementioned interactors and favor protumoral actions (Figure 6).
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targeting of ERK and cav-2 in a cav-2-dependent fashion. In contrast, IGF-1 could only
induce the nuclear translocation of ERK but not of cav-2 182.

C. Nuclear IR

Several lines of evidence have indicated that many receptor tyrosine kinases, including the IR
and IGF-1R, do not only function at the cell membrane but also translocate into the nucleus
193,194
, where they may regulate a wide array of biological responses at additional levels (such
as genomic control) 193,194. The initial evidence of IR nuclear translocation was provided in
the late 1970s by Goldfine and associates, who reported insulin binding to purified nuclei
from rat liver 195,196 and human cultured lymphocytes 197. Similar results were recapitulated
by Horvat 198 and Bergeron et al. 199, who demonstrated insulin and growth-hormone binding
to Golgi fractions purified from liver tissue. Subsequent work identified the nuclear envelop
18

DOI: 10.1210/er.2017-00073

V
A

N

C

E

A

R

T
IC

LE

as the major binding site for insulin 200 and supported the notion that intracellular binding
sites are immunologically distinct from binding sites at the cell membrane 197.
The mechanisms regulating IR translocation into the nucleus and its nuclear action are
still very poorly characterized, and therefore it is a rapidly developing area of study in the
IGF-1 field.
In the late 1980s, Podlecki et al. 201 demonstrated that a fraction (approximately 5%) of
the internalized insulin-IR complexes translocated into hepatocyte nuclei in a time- and
temperature-dependent manner 201, suggesting that IR association with specific nuclear
binding sites may influence the transcription of insulin-dependent genes.
Subsequent studies confirmed that the nuclear translocation of the IR could be detected in
vivo. Gletsu et al. showed that obese mice had higher IR levels in the nuclei of hepatocyte
cells following insulin stimulation with an oral glucose meal compared to lean mice 202.
Importantly, phosphorylation of nuclear IR increased within 15 minutes of the glucose meal
202
, and the phosphorylation levels of a 30-kDa DNA-binding protein were significantly
decreased 202. In addition, enhanced IR translocation to the nuclei was associated with
increased expression of malic enzyme, suggesting that nuclear IR may regulate the
phosphorylation of insulin response element (IRE) transcription factors 202. Significantly,
Nelson et al. 203 demonstrated that the IR and additional components of the IR signaling
pathway, including most members of the MAPK cascade, were corecruited to two prototypic
insulin-inducible genes, early growth response 1 (egr-1) and glucokinase (Gck), which
regulate mitogenic and metabolic responses, respectively.
More recent data have suggested that cellular compartmentalization of the IR may play an
important role in determining downstream biological responses. Amaya et al. 204 have in fact
demonstrated that insulin-mediated increases in calcium concentration and cell proliferation
depended upon clathrin- and caveolin-dependent translocation of the IR to the nucleus, as
well as upon the generation of inositol 1,4,5,-trisphosphate (InsP3) in the nucleus, whereas
the metabolic effects of insulin were independent of either of these events 204. Moreover, liver
regeneration after partial hepatectomy also relied upon the formation of InsP3 in the nucleus,
but not in the cytosol. By contrast, hepatic glucose metabolism was not affected by InsP3
levels in the nucleus 204. These results therefore suggested that nuclear IR signaling might
have broad clinical implications.
Despite these data indicating a very important role for nuclear IR signaling, whether IR-A
and IR-B differ in their ability to translocate into the nucleus has not been established nor has
the role that different IR ligands may play in regulating IR isoform nuclear signaling.
However, studies performed in 32D hematopoietic cells transfected with either IR-A or IR-B
showed that IR-A promoted nuclear translocation of IRS-1 upon insulin and IGF-2
stimulation, while IR-B modestly affected IRS-1 nuclear translocation and only upon insulin
stimulation 205. This difference was even more pronounced in mouse embryonic fibroblasts,
in which IR-B activation by insulin or IGF-2 was unable to induce IRS-1 nuclear localization,
which instead was strongly stimulated upon IR-A stimulation by its cognate ligands 206.
Recently, data from Wu et al. 35 have demonstrated that IGF-1 stimulation of corneal
epithelial cells promoted nuclear localization of IGF-1R/IR hybrids but not translocation of
IGF-1R/IGF-1R hybrids 35, adding a new layer of complexity to the modulation of IGF1R/IR nuclear signaling.
Collectively, these results support the hypothesis that different IR isoforms and IGF1R/IR hybrids may differ in their capacity to activate nuclear signaling, which may have an
important effect in differentially modulating downstream biological responses in diabetes,
metabolism and cancer.
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The IR has ontogenetically specialized to play a major role in controlling cell metabolism
depending on nutrient availability but has maintained its role in regulating growth and
apoptosis. Under optimal environmental conditions, nutrient (glucose) availability stimulates
ligand abundance (insulin), which activates the IR and post-receptor signaling cascades,
leading to anabolic cell metabolism and anti-apoptotic effects favoring cell and tissue growth
and differentiation. By contrast, in an environment of suboptimal growth conditions, the
restriction of nutrient-derived calories reduces insulin availability and anti-apoptotic effects.
Recently, an additional role of the IR (and IGF-1R) in regulating apoptosis in the
unliganded state has been described. Engineered cells lacking both the IR and the IGF-1R
genes (double knockout or DKO) become resistant to apoptosis induced by TNF-α, etoposide
or serum deprivation 207. This resistance is caused by reduced production of the pro-apoptotic
protein Bax, while many anti-apoptotic factors are increased in the DKO cells. The
mechanism involved in these abnormal changes in the levels of apoptotic effector proteins is
unclear, but it is probably posttranscriptional 207. The normal apoptotic response is restored in
DKO cells when either the IR or IGF-1R or both are re-expressed in the absence of ligands.
Interestingly, mice with liver-specific IR KO (LIRKO mice) show age dependent liver
dysfunction with scattered focal liver dysplasia, which however do not progress to
hepatocarcinoma. These structural changes are possibly related to altered liver metabolism
and increased oxidative stress 208 . Alternatively, it is also possible to hypothesize that
decreased apoptosis in cells lacking IR and IGF-1R 3 may also have a role in the genesis of
nodular liver hyperplasia in LIRKO mice.
These observations indicate that unliganded IR and IGF-1R membrane proteins have a
permissive role in apoptosis, an effect reversed upon ligand binding to the receptors and
activation of post-receptor signaling (Figure 7).
This permissive role of the IR and IGF-1R in apoptosis was independent from receptor
tyrosine kinase activity and post-receptor signaling. In fact, transfecting DKO cells with a
kinase-deficient receptor (IR or IGF-1R) protein was as efficient as a wild-type receptor.
Moreover, inhibiting both “conventional” post-receptor signaling pathways (PI3K and
MAPK) alone or in combination did not affect permissive receptor effects on apoptosis.
Currently, the mechanisms underlying the pro-apoptotic effect of unliganded IR (and IGF1R) have not been fully clarified, nor has the role therein of IR isoforms.
In a different model where IR, but not IGF-1R, was knocked out in immortalized neonatal
hepatocytes and either IR isoform A or isoform B was re-expressed, slightly different results
were obtained 209. In response to serum starvation, cells lacking the IR showed enhanced
apoptosis associated with an increase in reactive oxygen species (ROS), nuclear translocation
of FoxO1, changes in Bcl-xL and Bim, and caspase-3 activation. The expression of either IRA or IR-B induced a stronger apoptotic process while preventing ROS generation. In these
cells, both IR isoforms interacted with Fas/Fas-associated protein with death domain and
induced caspase-3 activation. However, in cells expressing IR-A, caspase-3 activation
involved cytochrome c release by mitochondria, while in cells expressing IR-B, caspase-3
was directly activated by caspase-8, resulting in a more rapid apoptotic process. The
mechanisms accounting for the different effects of the two IR isoforms on apoptosis remain
unclear. However, the authors hypothesize that cells expressing the IR-A isoform may
activate the mitochondrial pathway of apoptosis due to the greater ability of IR-A to bind
GLUT-1 and GLUT-2 and facilitate glucose uptake 210. Notably, co-expression of the two IR
isoforms in the absence of insulin also resulted in protection from apoptosis 209. Further
research is needed to establish the in vivo relevance of these data in both physiologic and
pathologic conditions. The relative abundance of IR isoforms may, in fact, play a significant
role in regulating development and differentiation, balancing the pro-apoptotic condition of
the unliganded state with the anti-apoptotic condition when receptors are ligand activated.
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The authors suggest that the IR-A:IR-B ratio may regulate apoptosis in hepatocytes during
development. If these data are confirmed in other systems, it is possible that cancer cells with
a high IR-A:IR-B ratio may undergo apoptosis in response to therapies aimed at blocking IRA ligands (see also the paragraph titled ‘The IR-A pathway as a cancer target’).
VI. IR isoforms and IR/IGF-1R hybrids in pathophysiology
Development, differentiation and aging
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The different roles of IR isoforms in mammalian development are underscored by the
differences in IR isoform expression patterns between fetal and adult tissues. IR-B is more
abundant in several differentiated cells including epithelial intestinal cells, mammary gland
cells, endothelial cells, liver cells, white and brown adipose tissue cells, kidney cells and
thyroid cells compared to proliferating and precursor cells. By contrast, IR-A is the
predominant isoform in all the cell precursors of the abovementioned cell types 211. Since IRA, but not IR-B, binds IGF-2 and proinsulin with a high affinity, this evidence suggests that
IR-A may regulate tissue development in response to these growth factors. The recent
observation that IR-A binds GLUT-1 210 may suggest a role for this isoform in basal glucose
uptake in fetal tissues as well as in some adult tissue such as the CNS. This hypothesis is
supported by studies showing that IGF-2, but not insulin, stimulates glycogen synthesis via
IR-A in fetal mouse livers 212.
The role of HRs in fetal development is more elusive. There are no studies specifically
addressing their expression and function in fetal tissues. As HR expression depends on the
availability of both IR and IGF-1R moieties, they are present in both fetal and adult tissues.
Functional studies on HRs performed in rabbit and human tissues including human placenta
suggest that they enhance the actions of IGFs and confer IR signaling capabilities on them via
the activation of IR β−subunit moieties of HRs 213. In vitro evidence 214 indicates that IR-A
downregulation is coincident with enhanced IGF-1R phosphorylation due to a decreased
formation of IR/IGF-1R hybrids.
The role of IR isoforms, the IGF-1R and HRs in differentiation has been investigated in
several model systems. For instance, preadipocytes express approximately equal levels of the
IR and IGF-1R, while the IR/IGF-1R ratio increases during their differentiation into mature
adipocytes, which express approximately 10-fold more IR than IGF-1R. Studies in
preadipocytes from brown adipose tissue, where the expression of either IR or IGF-1R was
silenced, revealed that the IR and IGF-1R have different roles in regulating the activation of
various signaling molecules associated with adipocyte differentiation 146,215 (Table 4).
Significantly, in these cells, one receptor cannot compensate for the lack of the other.
However, adipocyte-specific IR and IGF-1R double KO (FIGIRKO) mice are resistant to
age-associated and diet-induced obesity and show an almost complete absence of brown fat,
further demonstrating that both insulin and IGF-1 signaling are required for the development
of white and brown fat 216. The low expression of the IGF-1R, and therefore of HRs, in
mature adipocytes might be explained by the fact that these fully differentiated cells no
longer require signals through the IGF-1R but only metabolic signals via IR-B. Accordingly,
rat preadipocytes predominantly express IR-A, while progression through adipogenesis
results in an increased IR-B:IR-A ratio and IR-B being significantly higher than IR-A in
mature white adipose tissue 217. In agreement with this expression pattern, stimulation of
glucose transport in mature adipocytes is considerably more sensitive to insulin than IGF-1,
which can be explained by the fact that mature adipocytes have the IR but not a functional
IGF-1R. In agreement with these data, in adult mice, tamoxifen-inducible adipocyte-specific
deletion of IR expression caused a rapid and significant reduction in body adiposity,
hyperinsulinemia, severe insulin resistance and diabetes, while adipocyte-specific deletion of
IGF-1R produced only a marginal effect on adiposity reduction and no effect on glucose
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homeostasis 218. In preadipocytes, where the IR and IGF-1R are almost equally expressed,
both DNA synthesis and glucose transport are sensitive to IGF-1 and to insulin stimulation
146,215
. In this respect, glucose uptake stimulated by IGF-1 in preadipocytes might be
mediated by HRs via the IR β−subunit. These data demonstrating the significance of an IR-A
to IR-B shift during adipogenesis are in agreement with recent studies showing that multiple
alternative splicing events are involved in the development of white or brown adipocytes 219.
A similar shift from IR-A to IR-B has been observed during osteogenesis, highlighting
the crucial role of insulin in osteoblast function (Table 4). Osteoblast precursors mainly
express the IR-A isoform, whereas mature human osteoblasts predominantly express IR-B,
with the IR-B:IR-A ratio progressively increasing along the osteogenic differentiation of
mesenchymal precursors 220.
Similar findings were reported in mammary glands. Mammary gland terminal
differentiation is known to require insulin and its regulatory role in milk secretion during
lactation. In mice, selective IR silencing in the mammary gland induces a dramatic decrease
in alveolar development and differentiation that cannot be compensated for by IGF-1R
stimulation, thus confirming the key role of insulin in inhibiting cell proliferation in the
mammary gland of the mid-pregnant mouse 221. Analysis of the expression of the IGF-1R and
IR isoforms has shown a substantial increase in IR-B levels (3-4-fold) associated with a
decrease in IGF-1R expression (6-fold) during terminal differentiation in the developing
mammary gland 222 (Table 4). These data were confirmed by the observation that during in
vitro differentiation of the HC11 murine mammary epithelial cell line, IR-B undergoes a 10fold upregulation. Notably, insulin was shown to induce milk constituents and related
biosynthetic enzymes solely through IR-B, while stimulation of the IGF-1R only stimulated
cell growth but not lactogenesis, further supporting the non-redundant role of IR-B in the
terminal differentiated mammary epithelium 222.
Other laboratories have confirmed that IR-B expression reaches a maximum during
terminal alveolar cell differentiation and is required for lactation 223. Interestingly, both IR-A
and IR-B expression exceeded IGF-1R levels at all stages of murine mammary epithelial cells
(MECs) during postnatal development. Unlike IR-B, which plays a key role during
differentiation, the IGF-1R is more important than the IR in mediating IGF-2-dependent
MEC growth in virgin glands. Interestingly, the total number of HRs did not vary during
pregnancy (approximately 50% of IGF-1R subunits), in spite of the fact that IGF-1R
homodimers decreased with terminal differentiation 223.
Similarly, in highly proliferative intestinal epithelial stem cells and progenitors, IR-A
expression was predominant, while IR-B levels increased in post-mitotic, differentiated
intestinal cells (Table 4). These studies support a model in which IR-A expression is
enriched in intestinal epithelial stem cells and progenitors of the intestinal crypt, whereas IRB expression is enhanced in post-mitotic, differentiated lineages of the intestinal villus.
Significantly, the IR-A to IR-B switch was accompanied by increased expression of the exon
11 splicing enhancer MBNL2 and decreased expression of CUGBP1, the exon 11 splicing
silencer 224.
Similarly, IR-A expression was elevated in endometrial cells during the proliferative
phase, indicating that the IR-A isoform plays a key role in the initial estrogen-independent
endometrial proliferation. By contrast, IR-B increased during the secretory phase of
endometrial cells, which is when they provide metabolic support for embryo development
(Table 4). These findings highlighted the differential roles of IR isoforms in endometrial
physiology and embryo development 225.
Intriguingly, in the central nervous system, IR-A activation by IGF-2 has been shown to
support the expansion of neural stem cell proliferation and self-renewal independently of the
IGF-1R or the IGF-2R/6MP, suggesting a unique role for IR-A in brain development 226.
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Recent findings have also indicated that the IR drives hematopoietic stem cell
differentiation into lymphoid lineages during early lymphopoiesis, which is essential for
maintaining a balanced generation of myeloid and lymphoid populations. However, the
relative contribution of the two IR isoforms has not been determined 227.
The potential role of insulin in determining cell differentiation and fate has been
confirmed in induced pluripotent stem cells (iPSCs) from individuals with genetic insulin
resistance caused by IR mutations 228. However, the different roles of the two IR isoforms in
determining cell fate in pluripotent stem cell populations need to be clarified. In human
placental mesenchymal stem cells, both the IR-A:IR-B ratio and IGF-2 expression were
found to be increased by low oxygen tension 229 , and cell proliferation was regulated by IGF1R in response to IGF-1 and IR-A in response to IGF-2. However, pluripotency markers were
upregulated by IR-A while were reduced by IGF-1R stimulation.
In contrast, no differences were observed in the IGF-1R:IR ratio in freshly isolated
(differentiated) compared to cultured (undifferentiated) endothelial cells (HUVECs). Changes
in receptor expression levels and in the IGF-1R:IR ratio during differentiation may therefore
be different in different cell types. In accordance with the receptor expression data, in
HUVECs, IGF-1 elicited significant effects on glucose accumulation and thymidine
incorporation, suggesting that the insulin signal might be below a threshold required to exert
biological effects 230. However, during normal pregnancy, HUVECs predominantly express
the IR-A isoform, which mediates the protective effects of insulin for endothelial cell
functions 230 (Table 4).
Increasing evidence suggests that IGF-1/insulin signaling plays a pivotal role in the
regulation of longevity in invertebrates. In Caenorhabditis elegans and Drosophila
melanogaster, the downregulation of IGF-1/insulin signaling significantly extends survival
231
.
In humans, it has been shown that GH/IGF-1 secretion and insulin sensitivity decline with
aging and that insulin resistance is associated with increased morbidity and mortality 232. The
role of the IGF-1 system in relation to longevity is still controversial. Some reports found an
increased plasma IGF-1/IGF binding protein 3 (IGFBP-3) molar ratio in healthy centenarians
compared to aging subjects, suggesting that the higher IGF-1 bioavailability contributes to
increased lifespan 233. On the other hand, heterozygous mutations in the IGF-1R gene,
associated with high serum IGF-1 levels and reduced activity of the IGF-1R, have been
reported in Ashkenazi Jewish centenarians compared to a control population 234.
Moreover, while a positive association between circulating IGF-1 levels and cancer
mortality has been found in many studies 235, low total IGF-1 levels have been associated
with an increased risk for cardiovascular diseases and diabetes 236. These conflicting results
probably reflect the complexity of the IGF system and do not take into account the role of IR
isoforms and IR/IGF-1R hybrids. Studies performed in rats indicate that the relative
abundance of IR isoforms may also vary during aging. One study reported a decrease in the
expression of the IR-B isoform in the epididymal adipose tissue in aging rats as well as a
decrease in both the mRNA and protein levels of total IR, IRS-1 and IRS-3 217. Notably,
epididymal adipose tissue is the first among white fat tissues to develop signs of age-related
inflammation and insulin resistance 237. These data are in agreement with findings that obese
Zucker rats display age-related increases in the proportion of IR-A in the liver, associated
with increased endocytosis and degradation of total IR protein 238. Interestingly, it has been
reported that approximately one third of splicing factors show age-related expression changes
in human fibroblasts and endothelial cells. At least some of these changes are causally
associated with changes in Ataxia Telangiectasia Mutated (ATM), a key regulator of the
DNA damage response signaling pathway, which increases alongside age-related increases in
DNA damage. SR proteins and hnRNPA1, factors involved in IR isoform regulation, are
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The pivotal stimulatory role of the IR metabolic pathway in β-cell viability and proliferation
has been widely demonstrated in several biological models, including knockout mice and
cultured cells. The contribution of IR isoforms in this context has only recently been
unraveled in the complex interplay between β-cells, insulin secretion and liver metabolism.
The first evidence of this complex network was obtained in inducible liver-specific IR
knockout (iLIRKO) mice 240. As expected, the loss of hepatic IR expression in these animals
was accompanied by progressive hepatic and, in the long term, generalized insulin resistance.
More importantly, the mice displayed compensatory hyperinsulinemia and increased β-cell
mass, which was related to the degree of hepatic IR loss. Liver IGF-1 and, as a consequence,
serum IGF-1 levels were also increased in iLIRKO mice. Interestingly, the hyperplastic βcells of these animals showed IR-A upregulation 241. Proliferation studies performed in these
cells showed that the IR-A-expressing cells were more sensitive than those expressing IR-B
to the mitogenic effect of IGF-1, acting through the IR-A/IRS-1/2/PI3-kinase pathway.
Depletion of the IGF-1R transcript by siRNA did not change the selective effect of IGF-1 on
IR-A-expressing cells, indicating that IGF-1-mediated responses occur through a direct
interaction with IR-A and not through IR/IGF-1R hybrids. These data suggest that in this
model of liver insulin resistance, increased IGF-1 and insulin levels contribute to β−cell
hyperplasia through the IR-A 240. However, other liver-derived factors, including the protease
inhibitor SerpinB1, may play also a role in β−cell hyperplasia in LIRKO mice 242.
Glucose and lipid metabolism

Early data obtained in HepG2 human hepatoma cells indicated that IR-B was more potent
than IR-A in terms of receptor and substrate phosphorylation, suggesting that IR-B rather
than IR-A is the receptor with the predominant metabolic commitment 243. Few studies,
however, have addressed the specific role of IR isoforms in glucose and lipid metabolism.
Data from liver-specific IR-knockout studies in mice (LIRKO mice) have been particularly
informative, because they demonstrated that in the mouse liver, approximately 95% of the IR
is expressed as IR-B 244. Interestingly, the predominant expression of IR-B in the liver is
conserved across species 89,244,245. LIRKO mice show severe glucose intolerance,
hyperinsulinemia with the inability of insulin to suppress hepatic glucose production, and
unchanged levels of glucagon. Additionally, these mice have decreased clearance of ApoB
lipoproteins, reduction in both serum triglyceride and free fatty acids. These abnormalities in
lipids suggest a decreased effect of insulin in liver to promote triglyceride synthesis coupled
with an increased action of insulin in adipose tissue to suppress lipolysis 208 . These data
confirm the key role of hepatic IR-B in glucose and lipid metabolism 208,246. Similar data
were recently obtained using a model of acute, liver-specific IR knockout in adult mice 247.
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among the ATM-regulated splicing factors 239. Thus, it is reasonable to speculate that IR-B
downregulation may contribute to insulin resistance in aging. Further studies are needed to
assess whether age-related insulin resistance is associated with increased HRs expression in
humans.
Taken together, these data suggest that 1) IR-A is important in fetal development, as it
mediates some effects of IGF-2 and proinsulin in embryos; 2) IR-A may increase with aging,
thereby contributing to insulin resistance; 3) IR-B increases during cell differentiation,
thereby sensitizing tissues to the metabolic effects of insulin; 4) the increase in HRs reduces
insulin and proinsulin action and might contribute to the unbalanced insulin/IGF tuning in
insulin-resistant subjects; and 5) while the IR-B confers signaling specificity on the IGF
system, the IR-A isoform and HRs are responsible for signaling redundancy and promiscuity,
which are useful in fetal development but detrimental in adults, as they might contribute to
insulin resistance and reduced lifespan.
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In apparent discordance with these findings, it has been recently reported that in fetal
mice with inducible IR knockout in the liver, adenovirus-mediated IR-A expression was more
efficient than IR-B expression in restoring liver glucose uptake, glycogen synthesis and
storage 212. In this model, liver expression of IR-A, but not IR-B, was able to compensate for
diabetes in the long term by improving glucose homeostasis and avoiding β-cell hyperplasia
due to insulin resistance and subsequent β-cell failure 248. These results could be explained at
least in part by the observation that the IR-A isoform has a stronger effect than IR-B in
favoring basal glucose uptake by specifically binding the glucose transporter GLUT1/2 and
inducing GSK3α/β phosphorylation 248. In view of the predominant expression of IR-B in the
adult liver, it seems unlikely that these findings may have physiological relevance in adult
animals.
The different roles of IR isoforms in glucose and lipid metabolism have been additionally
dissected by the use of isoform-specific insulin analogs. An insulin analog with a preferential
affinity for the IR-B isoform exerted a stronger effect on glycogen accumulation in rat
hepatocytes and lipogenesis in adipocytes compared to muscle glycogen synthesis 244. In
contrast, a different analog with a higher affinity for IR-A was more potent in favoring
muscle glycogen synthesis rather than glycogen accumulation in hepatocytes and lipogenesis
in adipocytes. Overall, the preferential stimulation of IR-B elicited a stronger metabolic
effect not only in hepatocytes and adipocytes that predominantly express IR-B but also in rat
skeletal muscle, which predominantly expresses IR-A 244. These data showing a higher
metabolic activity of IR-B in skeletal muscle appear to be in accordance with human studies
indicating that the IR-A/IR-B ratio is increased in the skeletal muscles of patients with T2DM
and/or insulin resistance 249 and that restoration of glucose control by insulin administration
or bariatric surgery 81 in T2DM patients favors preferential IR-B expression (see also the
paragraph titled ‘Insulin resistance, gestational diabetes and diabetes’).
Data from mice with skeletal muscle-specific IR knockout (MIRKO mice) are, however,
more difficult to interpret in relation to IR isoform-specific effects, as both isoforms are
expressed in mouse skeletal muscle, and the IR-A isoform is prevalent in the soleus muscle
244
. MIRKO mice exhibited hypertriglyceridemia and mild obesity but not hyperglycemia 250,
despite markedly decreased insulin-stimulated glucose transport and glycogen synthesis in
muscle. However, MIRKO mice exhibited increased insulin-stimulated glucose transport in
fat that contributed to the development of metabolic syndrome 251.
With respect to the role of the IGF-1R and HRs in glucose homeostasis, our
understanding appears incomplete. Interestingly, in IR KO mouse myotubes, IGF-1 increased
glucose uptake and glycogen synthesis, indicating that the IGF-1R elicits metabolic signaling
in muscle cells 252. Recent studies show that mice with either IR or IGF-1R deletion undergo
little or no changes in glucose homeostasis or muscle mass, indicating that each of these two
receptors may vicariate the other receptor 253. Surprisingly, mice with combined loss of IR
and IGF-1R in muscle (MIGIRKO) displayed dramatically decreased muscle mass but
normal glucose and insulin tolerance, owing to enhanced basal glucose uptake into muscle
secondary to increased expression and translocation of glucose transporters. When
MIGIRKO mice were crossed to mice carrying a dominant negative IGF-1R, the resultant
mice still developed glucose intolerance and dyslipidemia, even in the absence of functional
IR or IGF-1R, suggesting that other receptor interacting proteins in muscle can have a role in
glucose homeostasis 253.
In humans, a role for HRs in glucose homeostasis is suggested by data obtained in T2DM
patients. In the skeletal muscles of patients with T2DM, the expression of HRs is higher than
in control subjects and positively associated with insulin resistance and hyperinsulinemia. As
a consequence, skeletal muscle cells from T2DM patients exhibited a lower binding affinity
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The IR is expressed in various regions of fetal and adult brains. The highest expression of the
IR in the brain is found in the olfactory bulb, hypothalamus, cerebral cortex, cerebellum and
hippocampus. IR downstream effectors, such as IRS proteins and PI3K isoforms, show
discrete expression patterns, mostly overlapping with expression of the IR 256. In neurons, the
IR exhibits a lower molecular weight because of exclusive expression of IR-A and reduced
glycosylation with sialic acid. In fact, IR ligand binding induces IR interaction with
neuraminidase 1, which causes IR desialylation on the β-chain; IR desialylation, in turn,
favors IR activation 257,258. Unlike the IR in peripheral tissues, the brain IR seems not to
display negative cooperativity 259,260.
Insulin enters the central nervous system (CNS) through the blood-brain barrier (BBB) by
receptor-mediated transport. Studies in rodents have indicated that less than 1% of
peripherally administered insulin reaches the CNS 261, but this percentage may strongly vary
among different species 261. The transport of insulin across the BBB is saturable and may be
reduced in several conditions including fasting, obesity, aging, and dexamethasone treatment,
while it is increased in some models of diabetes mellitus 261. A number of actions have been
attributed to insulin in the brain. Recent studies have tried to address the mechanism by
which insulin controls cerebral and systemic metabolic homeostasis and found that a key step
is insulin-induced glucose uptake across the BBB via hypothalamic astrocytes, which
regulate CNS glucose sensing. Indeed, astrocytic IR ablation reduced glucose-induced
activation of hypothalamic pro-opiomelanocortin (POMC) neurons and impaired
physiological responses to changes in glucose availability, demonstrating that astrocytic IRs
are required for proper glucose and insulin entry into the brain 262. Interestingly, unlike
neurons, astrocytes appear to predominantly express the IR-B isoform 263. Moreover, through
the IR-B, insulin stimulates cell proliferation, glucose uptake and glycogen synthesis in
astrocytes 264. In contrast, IR-A expression in neurons mediates a variety of non-metabolic
effects. Direct insulin administration into the brain has anorexigenic effect 265 by both
inhibiting the orexigenic neuropeptide Y and stimulating the expression of the anorexigenic
peptide α-Melanocyte Stimulating Hormone (α-MSH). Selective inhibition of PI3K prevents
insulin-induced anorexia, suggesting that PI3K is an important mediator of this action 266.
Another effect of insulin in the brain is the regulation of reproduction, as suggested by the
relationship between obesity, hyperinsulinemia and infertility. Indeed, neuron-selective IR
knockout (NIRKO) mice display reduced fertility due to hypothalamic impairment of GnRH
secretion 267. Insulin and IGF-1 stimulate GnRH production in hypothalamic cells both in
vitro and in vivo 268. Moreover, insulin activates neurons of the mesolimbic dopaminergic
pathway, which is implicated in the motivating, rewarding and reinforcing properties of
natural stimuli such as food 269. In accordance with these results, several studies have
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for insulin but a higher affinity for IGF-1 than cells from control subjects, and these changes
were correlated with the percentage of HRs 254.
The involvement of HRs in glucose and lipid metabolism has been confirmed by studies
in transgenic animals. Overexpression of a kinase-deficient IR in mouse muscle led to
glucose intolerance with increased circulating insulin and triglyceride levels. Likewise, male
mice overexpressing a dominant-negative, kinase-dead IGF-1R in muscle (MKR mice)
developed severe glucose intolerance, insulin resistance, and diabetes. Further studies
revealed that expression of the kinase-dead IGF-1R (MKR allele) impairs both insulin and
IGF-1 signaling in muscle due to the formation of HRs containing the defective allele. These
data suggest that the normal glycemia in MIRKO mice might be due to the IGF-1R
compensating for the loss of IR signaling in muscle 255. In this respect, it is reasonable to
speculate that HR expression in the muscles of insulin-resistant patients might be a
compensatory event that restores sensitivity to insulin/IGF signaling in muscle.
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indicated a role for insulin in learning and memory. In humans, the systemic infusion of
insulin under euglycemic conditions is associated with a significant improvement in verbal
and attention capabilities 270, and intranasal insulin administration improves working memory
271
while not affecting peripheral glucose levels, indicating that insulin may control brain
functions independently of glycemic changes. In accordance with these studies, insulinresistant T2DM patients generally exhibit worse learning performance than age-matched
control subjects 269.
The IGF-1R and IGF-1 are also co-expressed in various brain regions, suggesting the
presence of a paracrine or autocrine loop 256. The IGF-1R is highly expressed in the
developing cerebellum, midbrain, olfactory bulb and in the ventral floorplate of the hindbrain
256
. The level of IGF-1R expression decreases to adult levels in the postnatal period and
remains high in the choroid plexus, meninges, and vascular sheaths 272. IGF-1 is expressed in
the rodent embryo, peaking in the second postnatal week, but continues to be expressed in the
adult brain, particularly in neuronal cells 256. Similar to insulin, IGF-1 exerts remarkable
neurotrophic effects that involve glutamatergic synapses within the hippocampal circuitries,
thereby affecting learning and memory, as well as protection against cellular injury,
neurogenesis, angiogenesis and even amyloid clearance 273. However, in contrast with IR-A,
IGF-1R reduces glucose uptake in mouse astrocytes by interacting with GLUT1 and retaining
it inside the cell 274.
IGF-2 is expressed mostly in mesenchymal tissues, mainly the meninges and choroid
plexus, which is also the main source of IGF-2 in the cerebrospinal fluid (CSF) 275. IGF-2
also plays a role in memory and learning processes by binding to the IGF-1R and/or IR-A,
while forced downregulation of IGF-2 in the dorsal hippocampus as well as inhibition of
IGF-2 by blocking antibodies blunted long-term memory consolidation 276. In the model of
Tg2576 mice, which are affected by a double mutation of amyloid precursor protein (APP)
(K670N/M671L) and show an early accumulation of β-amyloid, local IGF-2 induced
neuronal protection by binding to IR-A and stimulating sustained Akt phosphorylation 277.
These data confirm that the IR-A and IGF-2 have a neuroprotective function under conditions
of neuronal damage and neurodegeneration.
Genetically engineered IGF-2 analogs were used to establish which receptor mediates the
effect of IGF-2 on stemness of neural precursors in mouse subventricular zone. Indeed, the
V43M analog, which binds with high affinity to M6P/IGF-2R but with very low affinity to
IR-A and IGF-1R, failed to promote growth of neural stem cells neural precursors (NSCs) in
vitro. In contrast, F19A, an IGF-2 analog that binds both the IR-A and IGF-1R, but not the
M6P/IGF-2R, was able to stimulate the growth of NSCs. This action was unaffected by the
blockade of IGF-1R with a specific antibody, showing that IR-A, but not IGF-1R, was
involved in the promotion of NSCs stemness in response to IGF-2 226.
Studies in transgenic mice indicate different roles of the IR and IGF-IR in brain growth
and development. IGF-1R knockout results in reduced brain size 278, while IR knockout does
not influence brain development or size 279, suggesting that IR action occurs postnatally.
Accordingly, overexpression of IGF-1 results in increased brain size 280, whereas
overexpression of IGF-2 induces neonatal body overgrowth 281. This specificity of action may
partially depend on the preferential recruitment of IRS-2 by the IGF-1R and of IRS-1 by the
IR 282. Accordingly, studies performed in human brain tissue indicated that insulin stimulates
IRS-1, but not IRS-2, whereas IGF-1 activates IRS-2, but not IRS-1 283. These studies suggest
that the IGF-1R/IRS-2 pathway is more important in neuronal and brain development, while
the IR/IRS-1 pathway preferentially impacts neuronal survival and remodeling.
IR and IGF-IR may also differentially modulate IGFBPs. In glial cells, insulin stimulates
the expression of IGFBP-2, while IGF-1 increases the expression of both IGFBP-2 and IGFBP3. Both IGFBPs tend to reduce the effects of IGFs on neuronal cells.

A
D

ADVANCE ARTICLE: Endocrine Reviews

Endocrine Reviews; Copyright 2017

27

Endocrine Reviews; Copyright 2017

DOI: 10.1210/er.2017-00073

LE

T
IC

VII. IR isoforms and IR/IGF-1R hybrids in disease

Several studies have confirmed the relevance of IR-A and HRs in cancer development,
progression and resistance to anti-cancer therapies. The IR-A:IR-B ratio may also play
important roles in insulin resistance, diabetes and neurodegeneration.

R

A. Cancer
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IR isoforms and their biological roles in cancer
Several studies in the last few years have confirmed and extended the concept that both IR
isoforms are broadly overexpressed in human tumors and that the IR-A:IR-B ratio is
generally in favor of the IR-A isoform. Studies have also confirmed that IR isoforms act in
strict connection with the IGF-1R. Moreover, in certain cancer histotypes, IR isoforms may
play a more important role than the IGF-1R itself. In terms of potential target therapies, these
findings have confirmed early evidence that IR isoforms should be taken into account when
considering anti-IGF therapies 89,284.
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Mechanisms of increased IR-A expression in cancer
Increased IR-A expression in cancer is modulated at multiple levels of the complex
regulatory network involved in IR expression and the generation of IR isoforms (see the
paragraph titled ‘IR isoform regulation’).
- Alteration of transcription factors and/or miRNAs targeting the IR.
Upregulation of the two main positive regulators of IR transcription, Sp1 285,286 and HMGA1
287
, as well as functional inactivation of its negative regulator, p53 288–290, are very common
alterations in cancer and are likely to affect IR overexpression (see also 1).
As mentioned above (see the paragraph titled ‘IR isoform regulation’), several specific
miRNAs, including miR-15b, miR-195, miR-497, miR-103/107, let-7, and miR-424 have
been reported to regulate IR expression in pathological conditions such as obesity and insulin
resistance. These miRNAs can be dysregulated in cancer and, in principle, could contribute to
both IR upregulation and an increased IR-A:IR-B ratio. These miRNAs are generally regarded
as tumor suppressors. For instance, miR-15b/16-2 knockout mice developed B-cell
malignancy with characteristics of human chronic lymphocytic leukemia. Notably, miR15b/16-2 modulates not only the IR but also the IGF-1R and cyclin D genes 291. The high
frequency of the loss of heterozygosity at chromosomal region 17p13.1 (the genomic locus
for the microRNA cluster miR-195 and miR-497) may be responsible for the deficient
expression of these two miRNAs in cancer 292. Other mechanisms accounting for low miR497 expression in various tumors 293,294 include DNA copy number reduction 295 and
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The co-expression of both IRs and IGF-IRs in brain cells is expected to induce the
assembly of HRs, which, however, have not been studied in the brain. In particular, it would
be important to have data concerning HR expression in different cells of brain as well as
concerning the relative proportion of HR-A and HR-B. The possible role of HRs in the brain,
therefore, remains elusive. It is reasonable to suppose that HRs may confer unique properties
by allowing IGF-1 to activate IR-β subunit moieties.
In conclusion, the available evidence indicates that while astrocytes express mainly IR-B,
neurons express IR-A. The astrocytic IR-B is required for proper glucose and insulin entry
into the brain. Insulin and IR-A in neurons are important in food intake, reproduction, and
cognition, while insulin resistance with reduced insulin transport through the BBB may
contribute to neurodegeneration. Brain IGFs are also important in both SNC development and
cognition. IGF-2 produced in the CNS may compensate for deficient insulin and IGF-1
signaling by binding IR-A, the IGF-1R and HRs. As shown in Tg2576 mice, IGF-2, via IR
activation, may prevent/attenuate neuronal damage in response to amyloid accumulation.
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hypermethylation of CpG islands upstream of the miR-497 locus 296. MiR-195 was
identified as a tumor suppressor in non-small cell lung cancer (NSCLC) cells. Indeed, the
miR-195 expression level was dramatically decreased in both NSCLC tissues and cell lines,
and forced expression of miR-195 suppressed NSCLC cell proliferation and a metastatic
phenotype. The IGF-1R was identified as a direct target of miR-195 in NSCLC cells 297.
Let-7 miRNA family members act as tumor suppressors, reducing oncogene translation, and
cell cycle regulators 58,298–300 and are downregulated by the RNA-binding protein Lin28,
which is overexpressed in several cancer histotypes and is associated with cancer progression,
EMT and cancer stem cells 301. MiR-103/107 is downregulated in gastric cancer cells and
modulates multidrug resistance in human gastric carcinoma by downregulating cav-1 302.
MiR-424, also involved in IR regulation, has anti-proliferative and pro-differentiation effects
63
and is viewed as a tumor suppressor in various cancers 303,304.
Finally, dysregulation of microRNAs and splicing factors may be interconnected. For
instance, changes in the expression profile of host genes and intronic microRNAs recently
observed in cancer cell lines 305 might be caused by aberrant splicing, which is often
associated with malignant transformation 306. In addition, HnRNP proteins are regulated by
Myc 307. Conversely, miRNAs may also affect splicing factors. For instance, miRNA-1
inhibits serine/arginine-rich splicing factor 9 (SRSF9/SRp30c) in bladder cancer 308.
Taken together, these studies strongly suggest that the downregulation of several
miRNAs may be involved in determining high IR levels and the increased IR-A:IR-B ratio
observed in cancer. However, the evidence is indirect, and more specific studies are required.
- Dysregulation of IR degradation.
Dysregulation of IR degradation could, in principle, contribute to IR upregulation in cancer.
In light of the effects of the E3 ubiquitin ligase MARCH1 64 in determining IR plasma
membrane pools (see the paragraph titled ‘Differential IR isoform regulation at the protein
level'), it is possible that in cancer cells, the presence of an activated IR-A/IGF-2 loop
reduces FOXO1 transcriptional activity and MARCH1 levels, thus increasing membrane IR
expression levels and the potentiation of IR-mediated mitogenic effects. Importantly, insulin
and IGF-2 considerably differ in their ability to regulate IR-A stability, as prolonged IGF-2
stimulation has a significantly reduced capacity to induce IR-A and IRS-1 degradation
compared to insulin 118,120, thereby evoking sustained and robust mitogenic stimuli.

V
A

Mechanisms of the increased IR-A:IR-B ratio in cancer
Alternative splicing is a fundamental mechanism that plays an important role in regulating
gene expression in development and the cell response to external and internal stimuli.
Notably, alterations in splicing programs are crucially linked to cancer progression. It has
been recently demonstrated using next-generation sequencing technologies that various
malignancies may develop somatic mutations in several components of the spliceosome
complex 309. Although these mutations were originally discovered in hematological
malignancies and myelodysplastic syndromes, they were later confirmed in solid tumors. For
instance, the gene encoding for the SF3B1 splicing factor is frequently mutated in breast 310
and pancreatic cancer, while the splicing factor U2AF1 is altered in lung cancer 311. No study
has so far attempted to correlate mutations in splicing factors to changes in the relative
abundance of IR isoforms, and no specific mutations in splicing factors correlating with an
increased IR-A:IR-B ratio have been identified.
However, in the last few years, our knowledge of the mechanisms associated with
increased IR-A expression in cancer has significantly improved. In this context, it was
reported that in a panel of 85 human hepatocellular cancer (HCC) specimens, the IR-A:IR-B
ratio was generally higher than in the adjacent non-tumor liver tissue. In these cells,
autocrine/paracrine activation of the EGFR and the downstream ERK cascade was associated
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with upregulation of the expression of the splicing factors CUGBP1, hnRNPH, hnRNPA1,
hnRNPA2B1, and SF2/ASF. By contrast, the splicing factor SRp20/SRSF3 was undetectable.
These changes in splicing factor expression were strongly associated with a high IR-A:IR-B
ratio 312. While CUGBP1, hnRNPH and hnRNPA1 favored IR exon 11 skipping and IR-A
formation in studies on Myotonic Dystrophy 1 (see the paragraph titled ‘Myotonic
dystrophy’), a novel factor, hnRNPA2B1, has been identified that might also cooperate in
regulating IR exon 11 skipping. Interestingly, SRp20/SRSF3, which antagonizes CUGBP1mediated repression of exon 11 inclusion, was undetectable in HCCs. The relevance of the
increased level of SF2/ASF remains unclear, though it was demonstrated that this factor
might antagonize exon 11 exclusion by CUG-BP1 or hnRNPA1 71,313, while there is also
evidence that it antagonizes the function of SRp20/SRSF3 314. In accordance with these
studies, Sen et al. demonstrated that SRp20/SRSF3 expression is either decreased or the
protein is mislocalized in human HCCs. Moreover, hepatocyte-specific deletion of
SRp20/SRSF3 was associated with impaired hepatocyte maturation and metabolism in early
adults and the development of progressive liver steatosis and fibrosis with aging. Loss of
SRp20/SRSF3 was associated with increased IGF-2 and IR-A, which promoted proliferation,
Wnt/β-catenin signaling and induction of c-Myc along with aberrant splicing and induction
of EMT genes. An analysis of public domain databases indicated that SRp20/SRSF3 might
be lost or mutated in a subset of cancers with various histotypes, suggesting that this
mechanism may generally contribute to the high IR-A:IR-B ratio in cancer 315. Moreover,
hnRNPA2/B1 is overexpressed in human HCC tissues but not in normal liver tissues. Nuclear
hnRNPA2/B1 tends to acquire a predominantly cytoplasmic localization with cancer
dedifferentiation. However, the relevance of these findings in relation to IR gene splicing was
not investigated 316.
Interestingly, insulin itself may induce proteasome-dependent degradation of
SRp20/SRSF3, which in turn may lead to increased IGF-2 and IR-A levels 317. The results are
also in line with the findings that an increased IR-A:IR-B ratio positively correlates with
hyperinsulinemia and hnRNPA1, while weight loss and low insulin levels during fasting or
after bariatric surgery are associated with a reduced IR-A:IR-B ratio 81,318.
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IR isoform expression in various cancer histotypes
As exemplified by the analysis of IR isoforms and of IGF-1R expression using RNA-seq data
from TCGA (The Cancer Genome Atlas) including 6,943 samples representative of 21 tumor
types, IR-A expression was found in virtually all tumor types and was particularly high in
clear cell renal cell carcinoma. IR-B was also expressed in many tumor samples, with the
highest levels observed in clear cell renal cell carcinoma and hepatocellular carcinoma. High
levels of IGF-1R expression were observed in breast, ovarian, prostate, head and neck, and
squamous lung cancer and melanoma 319. Herein, we will briefly review the most recent
studies dealing with the quantitative analysis of IR isoforms and their relevance in specific
malignancies (Table 5).
Breast cancer.
A number of studies using either qRT-PCR or immunostaining have measured IR-A and IRB isoforms in commercially available Breast Cancer Disease cDNA and Cancer Survey
cDNA arrays as well as in human breast cancer specimens. These studies have confirmed that
the IR-A isoform is generally present at high levels, while the IR-B isoform is expressed at
lower levels or downregulated 82,320,321. Indeed, the IR-A:IR-B ratio appears to be
significantly increased in all breast cancer stages, and the most elevated levels of IR-A were
observed in clinical stage (CS)-IV (64). The highest IR-A levels were detectable in ER+
tumors compared to low IR-A levels in ER− breast tumors, while IR-B expression was
similar in ER+ and ER− tumors. Interestingly, hormone-resistant ER+ tumors also showed
elevated IR expression and a high IR-A:IR-B ratio, while IGF-1R expression was
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significantly lower 321. Moreover, a high IR-A:IR-B ratio was particularly associated with the
luminal B subtype of ER+/PR+/HER2- breast cancers compared with the luminal A subtype.
Notably, the luminal-B subtype is associated with a cell proliferation signature and markers
of tamoxifen resistance and is clinically characterized by a higher grade, larger tumor size,
positive lymph node involvement, increased lymphovascular invasion, and poorer relapsefree survival 322. In accordance with these studies, phosphorylated IR in breast cancer cells is
associated with poor patient survival. Indeed, in a large cohort of patients with invasive
breast cancer, positive immunostaining of phosphorylated IR/IGF-1R (pIGF-1R/IR) was
significantly associated with poor survival. Although the phosphorylation-specific antibody
used cannot discriminate between activated IR and IGF-1R, pIGF-1R/IR and its downstream
signaling partner phospho-S6 correlated with IR levels but not with IGF-1R levels, indicating
that IR phosphorylation might play a more important role than IGF-1R phosphorylation in
activating downstream signaling and affecting patient prognosis 323. Finally, in a study
involving 760 patients with breast cancer, insulin resistance was significantly correlated with
obesity, postmenopausal status, and the highly proliferative luminal B/HER-2-negative
subtype in patients with breast cancer 324.
Taken together, these findings support the concept that elevated levels of IR-A and a high
IR-A:IR-B ratio as well as hyperinsulinemia correlate with more aggressive and hormoneresistant breast cancers. In addition, the level of IR-A activation in cancer cells is associated
with active downstream signaling pathways and poor patient prognosis (Table 5).
Prostate cancer.
In a study that evaluated both IR and IGF-1R expression levels by immunostaining in 132
primary prostate cancer samples, both receptors were detected, but the IR was significantly
more expressed in cancer than in benign prostate tissue 325. Indeed, a subsequent study found
that the IR-A:IR-B ratio, as assessed by qRT-PCR, was significantly higher in prostate cancer
tissues and in tumors adjacent to benign prostate tissues compared to benign prostate tissue.
In the small subgroup of patients with T2DM, the IGF-1R levels were significantly lower
while the IR and IRS levels did not change 326.
In prostate cancer cell lines, both insulin and IGF-1 increased cell proliferation and
glucose consumption, while the same growth factors induced differentiation in non-cancerous
prostate cells. Similarly, overexpression of the IR-A isoform and IGF-1R increased cancer
cell proliferation while inducing differentiation of non-transformed prostate cells. Notably,
IR-B expression did not affect cell proliferation, although it favored differentiation in noncancerous prostate cells 327. In vivo studies from the same group indicated that in addition to
promoting tumor growth, IGF-1R and IR-A overexpression also enhanced angiogenesis, as
suggested by the higher vessel density in a chicken allantoic membrane assay, and induced
resistance to chemotherapeutic agents 328. However, in this model, IR-B overexpression
stimulated blood vessel formation as well, although to a lesser extent than the IGF-1R and
IR-A. A recent study confirmed that IR-A was the predominant isoform in both prostate
cancer specimens and cell lines. The relative IR-A abundance was increased by exposure to
either insulin or IGF-2 329 (Table 5).
Endometrial cancer.
Two recent studies evaluated IR isoform expression in endometrial cancer, and both found
that IR-A is overexpressed in endometrial cancer and predominantly elicits mitogenic effects
225,330
. One study demonstrated that IR-A was expressed in 78 of 103 (75.7%) endometrial
cancer specimens but only in 21 of 60 normal endometrial tissue control specimens (35%). In
cancer specimens, the IR-A:total IR ratio was significantly higher than in normal specimens,
especially in T2DM patients 330. An endometrial cancer cell line stably transfected with IR-A
grew faster than the parental cells both in vitro and in tumor xenografts in
immunocompromised mice. In these cells, the PI3K/Akt signaling pathway was preferentially
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activated, while the MAP kinase pathway was inhibited. This study did not specifically
address the role of IR-B.
The second study, carried out in mice, examined the role of both IR isoforms both in
endometrial cancer and during the normal endometrial cycle 225. In mouse adenocarcinoma,
the expression of IR-A, IR-B and the IGF-1R was 5-6-fold higher than in the normal
endometrium. However, IR-A levels increased dramatically during the early proliferative
phase, reaching a level approximately 20-fold higher than IR-B, indicating that IR-A is the
predominant isoform responsible for the initial estrogen-independent endometrial
proliferation as well as subsequent cancer. In the early secretory phase, IR-A levels
decreased, while IR-B and IGF-1R expression increased, possibly indicating that the IR-B
isoform might be implicated in the elevated glucose uptake and glycogen synthesis of the
normal secretory phase, which supports embryo development. These data suggest, therefore,
that the IR-A and IR-B isoforms may have distinct roles in endometrial physiology and
cancer (Table 5).
Lung cancer.
The expression of IR-A and IR-B transcripts was analyzed in a large series of 614 NSCLC
(355 lung adenocarcinomas (LA) and 259 squamous cell carcinomas (SCCL)) and 92 control
normal lung specimens included in The Cancer Genome Atlas (TCGA). In both NSCLC
histotypes, the IR-A:IR-B ratio was significantly increased compared to normal lung
specimens, and the IR-B levels were decreased on average. Moreover, 11% of the NSCLC
specimens expressed only the IR-A isoform 331. The authors also examined two independent
panels of NSCLC samples that confirmed the elevated IR-A/IR-B ratio observed in the
TCGA data. The IGF-1R seemed to have a minor function in NSCLC, as it was
overexpressed (>2-fold relative to normal samples) in only 12 of 144 (8%) NSCLC samples.
When evaluating the transcriptional expression of IR isoforms and the IGF-1R in a series
of clinical lung cancer samples, it was found that in lung adenocarcinoma (LA), the median
IR levels were similar to those of the IGF-1R (350 vs 392 copies/ng of cDNA), while in
squamous cell carcinoma (SCCL), the IR levels were lower than those of IGF-1R (362 vs 680
copies/ng of cDNA). The median IR-A:IR-B ratio was 1.9 in LA and 2.4 in SCCL 319. When
the effects of IR knockdown (KD) in NSCLC cell lines were studied in three different cell
lines, all variably expressing IR isoforms, IR KD induced apoptosis and increased the
expression of pro-apoptotic cytokines such as IL-20 and TNF-α, indicating a novel role for
the IR in regulating NSCLC cell survival 332 (Table 5).
Colon cancer.
Epidemiologic evidence has linked elevated plasma insulin levels with reduced apoptosis in
normal rectal mucosa and an increased adenoma risk 333,334. In a study carried out in 100
patients with rectal adenoma and 98 normal controls, among patients with high plasma
insulin, those with adenomas had a higher mean IR-A:IR-B ratio in their normal rectal
mucosa compared to controls, which seemed to result from decreased IR-B and sustained IRA levels. By contrast, IGF-1R expression was lower in adenomas than controls 335. In
colorectal carcinoma (CRC) samples, the IR was expressed at higher levels than the IGF-1R
(413 vs. 328 copies/ng of cDNA), and the median IR-A:IR-B ratio was 3.8. In CRC samples,
the expression of both IR isoforms was clearly higher than that of the EGFR, a clinically
validated target 319. In close agreement with previous findings obtained in the thyroid,
stem/progenitor intestinal cells showed a predominance of IR-A expression that switched to
IR-B in differentiated enterocytes. Furthermore, IR-B expression was reduced in mouse
precancerous adenomas versus normal colon tissue and was dramatically reduced in
aggressive, poorly differentiated human colorectal cancer cell lines compared to
differentiated colorectal cancer cells, confirming that IR-B may limit proliferation and is
associated with differentiation 224 (Table 5).
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Liver cancer.
Hepatocellular carcinoma (HCC) is the most common primary malignancy of the liver, and it
is strongly associated with insulin resistance and hyperinsulinemia 336. Several years ago, it
was reported that IR expression was significantly higher in human HCC specimens than in
normal liver specimens 337. The relevance of the IR in human HCC has been recently
confirmed by a study reporting that the IR was significantly overexpressed in 40% of 85
HCC tumors compared to the adjacent non-tumor tissue. This IR overexpression was
essentially due to increased IR-A levels, while IR-B expression was decreased in these
tumors compared to control tissues 312. Similar findings were observed in chemically induced
rat HCC, but not in regenerating livers after partial hepatectomy. To clarify the IR isoform
shift, the authors demonstrated that in human HCC cell lines, but not in normal hepatocytes,
activation of the ERK pathway by autocrine or paracrine EGF increased the IR-A:IR-B ratio,
with a concomitant deregulation of splicing factors such as CUGBP1, hnRNPH, hnRNPA1,
hnRNPA2B1, and SF2/ASF, which are believed to regulate IR exon 11 skipping 312.
In a rat model of HCC induced by N-nitrosomorpholine, IR, IGF-1R, IRS-1, IRS-2, and
ERK levels increased in the initial phases of hepatocarcinogenesis, resulting in biochemical
changes such as glycogen accumulation and increased proliferation. However, IR and IGF1R expression decreased in later stages of tumor progression 336. While the IGF axis is
undoubtedly involved in hepatitis C virus-associated carcinogenesis, as indicated by the
deregulation of many its components, including the IGF-1R, IGF-1 and IGF-2, the role of IR
isoforms has not been clearly defined in this model 338 (Table 5).
Multiple Myeloma.
Insulin has been reported as a potent growth and survival factor for primary multiple
myeloma (MM) cells and human MM cell lines. Interestingly, insulin induced cell
proliferation starting at a concentration as low as 0.1 ng/ml, 30-fold below physiological
concentrations, and required both the IR and the IGF-1R, indicating that its actions occur
through IR/IGF-1R hybrids 150. These hybrids likely contain only or predominantly the IR-A
isoform, as this is the only isoform expressed by a panel of MM cell lines 339 (see also the
paragraph titled ‘Ligand binding to IR/IGF-1R hybrids’). These data might support the view
that circulating insulin may elicit unwanted biological actions in malignant cells that
overexpress IR-A (Table 5).

V
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The role of IR isoforms and their ligands in carcinogenesis and cancer promotion
A wealth of epidemiological evidence has now established that obesity, metabolic syndrome
and T2DM, all conditions characterized by insulin resistance, are associated with an
increased cancer risk and cancer-specific mortality 340,341. As chronic hyperinsulinemia is a
hallmark of these pathological conditions, hyperinsulinemia itself is regarded as playing a
crucial role in this context 342. However, epidemiological studies have not precisely
established the relative contribution of hyperinsulinemia in cancer patients with concomitant
metabolic disorders, as these disorders are associated with alterations of several biological
parameters that might also play a role in favoring cancer. Many excellent reviews have
addressed specific mechanisms with a possible role in carcinogenesis and cancer progression
in patients with obesity, T2DM and insulin resistance (278,281,282). Indeed, in diabetic
patients, hyperglycemia is associated with glucose toxicity and AGE product formation and
could also impact nutrient availability. Adiposity, especially central adiposity, is associated
with an unbalanced adipokine profile, increased secretion of inflammatory cytokines,
immunological alterations, and increased androgen to estrogen conversion. Insulin resistance
may also cause increased IGF and estrogen bioavailability and alterations in fatty acid
metabolism (278,281,282).
Herein we will review experimental data concerning the specific roles of insulin and IGF2 in carcinogenesis and cancer promotion via the IR.
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The role of insulin
Insulin is not usually regarded as a carcinogenetic agent. However, some experimental
evidence suggests that hyperinsulinemia may also play a role in carcinogenesis through the
induction of excess ROS and consequent genetic damage. Low-level bursts of ROS
production are part of the physiological response to insulin and other growth factors.
However, ROS may also cause genetic damage including impaired base pairing, base loss, or
DNA single-strand breaks or possibly double-strand breaks, which are difficult to repair and
very toxic.
Insulin at a concentration of 5 nM caused a significant increase in DNA damage in
cultured pig and rat kidney cells 344 and in human colon adenocarcinoma cells and human
peripheral lymphocytes 345. This genomic damage was related to Akt activation and was not
affected by the glucose concentration in the medium. For human colon adenocarcinoma cells,
the lowest toxic insulin concentrations ranged from 0.5 to 1 nM after chronic exposure 345.
Notably, in humans, physiological circulating insulin concentrations range from 0.04 nM
after overnight fasting to approximately 0.2 nM after a meal, but in insulin-resistant patients,
insulin levels often increase by 5-fold or more. To rule out a concomitant effect of glucose,
lean ZDF rats were subjected to the hyperinsulinemic-euglycemic clamp technique, which
caused chronic hyperinsulinemia (an average insulin concentration of 1.67 nM) that was also
associated with high ROS production and genomic stress and p53 accumulation in the
kidneys 344. The sources of ROS were identified as the mitochondria and the nicotinamide
adenine dinucleotide phosphate oxidase (NADPH) isoforms Nox1 and Nox4 in the colon and
kidney, respectively 346.
Conversely, the potential tumor-promoting effect of insulin has long been recognized,
especially when acting through IR-A. A number of recent studies have identified some of the
molecular mechanisms of insulin action. In C. elegans and in human breast cancer cells,
exposure to insulin (100 nM and 2 mM) decreased PTEN protein levels, a result recapitulated
by transfection of a constitutively active myristoylated-IR β-subunit (MYR-IRβ). As PTEN
is an important tumor suppressor, these data identify a possible tumor-promoting effect of
hyperinsulinemia. In turn, wild-type PTEN could dephosphorylate the IR, indicating a mutual
inhibitory circuitry 347.
Insulin has also been implicated in the stimulation of the Hippo signaling pathway, which
regulates cell proliferation via the transcriptional co-activator Yorkie/YAP that binds
transcription factors regulating the cell cycle and regulators of apoptotic gene expression. In
both Drosophila and hepatocellular carcinoma cells, insulin stimulation was positively
correlated with the Yorkie/YAP pathway, which in turn led to the activation of the
insulin/TOR pathway 348.
Activation of IGFs is known to stimulate epithelial-mesenchymal transition (EMT) and
cell migration through multiple mechanisms 211. Moreover, in mouse embryonic fibroblasts
(MEFs) and mammary epithelial cells, insulin may contribute to EMT by promoting the
translocation of TGF-β receptors from intracellular compartments to the plasma membrane
through Akt-mediated phosphorylation of AS160, a RabGAP [guanosine triphosphatase
(GTPase)-activating protein]. Cells exposed to insulin might, therefore, show increased
sensitivity to autocrine TGF-β, which is a key regulator of EMT 349. Interestingly, insulin
stimulates human microvascular endothelial cell migration and tube formation independently
of VEGF/VEGFR signaling through the IR/PI3K/Akt/sterol regulatory element-binding
protein 1 (SREBP-1) pathway, leading to the activation of Rac1 350. These findings are highly
consistent with data indicating that overexpression of both IR-A and IR-B is angiogenic in
prostate cancer xenografts 328.
In vivo studies.
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Several studies have reported that a hyperinsulinemic tumor microenvironment may favor
cancer growth through IR activation in cancer cells. Early studies found that benign and
malignant hepatocellular neoplasms can be induced by local insulin production caused by
long-term (15-22 months) low-number intraportal pancreatic islet transplants in autoimmune
diabetic rats. Preneoplastic foci developed in the liver acini located downstream of the
transplanted islets in rats that were also mildly hyperglycemic, indicating that hyperglycemia
could also contribute. However, the preneoplastic foci did not regress in animals that became
normoglycemic or hypoglycemic due to excessive insulin production by hyperplastic
transplants or in animals with late rejection of islet grafts 351. More direct evidence was
provided by experiments with mouse xenografts of MCF-7 human breast cancer cells. When
the animals were injected subcutaneously with insulin around the tumor site, the malignant
cells were stimulated to grow and migrate faster, effects mainly associated with insulindependent activation of the ERK pathway 352. Using the MKR transgenic mouse model,
LeRoith’s group has made significant contributions in establishing the role of the IR and its
ligands in breast cancer initiation and progression. MKR mice harbor a dominant-negative,
kinase-deficient human IGF-1R, which is expressed exclusively in skeletal muscle and
inactivates endogenous IR and IGF-1R. Lean female MKR mice are insulin resistant and
hyperinsulinemic, but not overtly diabetic, making them a good model to dissociate
hyperinsulinemia from cytokine production and metabolic derangements associated with
obesity and overt diabetes. Notably, female MKR mice exhibited accelerated mammary gland
development and the occurrence of hyperplastic precancerous lesions characterized by
increased phosphorylation of the IR, the IGF-1R and Akt. These tumor-promoting effects
could be reversed by pharmacological blockade of IR/IGF-1R signaling by the tyrosine
kinase inhibitor BMS-536924 353.
To better establish whether hyperinsulinemia increased tumor growth specifically through
the IR and not through the IGF-1R or HRs, orthotopic mammary tumors were induced in
control and hyperinsulinemic MKR mice, which were then treated with the insulin analog
AspB10, recombinant human IGF-1, or vehicle. Tumors from mice with endogenous
hyperinsulinemia grew faster and showed high IR phosphorylation but not IGF-1R
phosphorylation compared to control mice. Chronic AspB10 administration also increased
tumor growth and IR (but not IGF-1R) phosphorylation in tumors. IGF-1 led to activation of
both the IGF-1R and IR and of HRs 354.
To explore the therapeutic potential of IR blockade, MKR female mice were inoculated
with mammary carcinoma Mvt-1 cells, and mice bearing tumors were treated with either the
selective IR antagonist S961 or with the dual IR/IGF-1R inhibitor picropodophyllin (PPP).
Inhibition of the IR alone resulted in severe insulin resistance and enhanced tumor growth
secondary to IGF-1R stimulation by high insulin levels. In contrast, dual inhibition of the IR
and IGF-1R with PPP reduced the tumor growth rate with only mild metabolic consequences
355
. In further studies, female MKR or control (WT) mice were inoculated with mammary
carcinoma Mvt-1 cells with or without IR or IGF-1R knockdown (KD). IR-KD cells, but not
IGF-1R-KD cells, generated significantly smaller tumors in both WT and MKR mice
compared to control cells. CD24 expression was reduced in the IR-KD cells when compared
to control cells, and CD24 re-expression could partially restore the tumorigenic capacity of
IR-KD cells 356. These studies, however, have not specifically addressed the relevance of IR
isoforms in insulin dependent cancer progression.
MKR mice were crossed to immunodeficient Rag1-/- mice to generate Rag/MKR mice,
which retained insulin resistance and high circulating insulin levels. When injected with
human metastatic MDA435/LCC6 breast cancer cells that express 80% of total IR as IR-A
357
, female Rag/MKR mice developed xenograft tumors exhibiting EMT changes, growth and
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The role of IGF-2
Dysregulation of IGF-2 expression and/or its bioavailability is a common event in human
cancer 359–361. Although loss of imprinting (LOI) has been extensively studied as the driving
mechanism of IGF-2-dependent tumorigenesis, additional mechanisms have recently been
described. One of these mechanisms relies on the overexpression of intronic miR-483-5p, a
miRNA embedded within the IGF-2 gene itself. In fact, miR-483-5p likely enhances IGF-2
transcription at the fetal promoter through a mechanism involving the RNA helicase DHX9,
thereby sustaining a positive feedback loop of IGF-2 expression 362. Moreover, several recent
studies have emphasized the role of IR-A as an essential IGF-2 receptor in tumor initiation
and progression. Using a transgenic mouse model of pancreatic neuroendocrine
tumorigenesis, it has been shown that IGF-2 expression is focally activated concomitantly
with the initiation of β cell hyperproliferation, representing a key survival factor for
malignant development. The IR protein was also markedly increased during this multistep
tumor progression and was functionally involved in this process, as knockdown of the IR
gene impaired tumor progression and induced apoptosis. Notably, IR gene recombination was
efficient in normal or hyperplastic tissues but inefficient in advanced tumors, suggesting its
relevance to tumor progression 363.
In a model of lethal prostate cancer, IGF-2 upregulation induced by GATA2 was a key
mediator of cancer development and progression by stimulating both the IR and IGF-1R. In
fact, the combined inhibition of both receptors restored the chemotherapy response and
improved survival in preclinical models 364.
In addition to mature IGF-2, several tumors also express high levels of O-glycosylated,
longer isoforms of IGF-2, termed “pro” and “big” IGF-2 365. These isoforms may bind and
activate IR-A and the IGF-1R and perhaps also the IR-B isoform. Notably, these IGF-2
isoforms partially escape mechanisms limiting IGF-2 biological activity, as they form binary
complexes with several IGF-binding proteins (IGFBPs) but have a reduced ability to form
more stable ternary complexes with IGFBP-3 and the acid labile subunit (ALS). Moreover,
big-IGF-2 isoforms have a lower affinity for M6P/IGF-2R, which regulates IGF-2
degradation. Therefore, the glycosylated, longer forms of IGF-2 exhibit increased
bioavailability and may chronically activate the IR with tumorigenic effects 366.
Myotubularin-related protein 7 (MTMR7), a member of the myotubularin (MTM) lipidphosphatase family, may provide an additional link between insulin, IGF-2 and cancer.
MTMR7 is present in the endosomal-lysosomal compartments as well as in soluble form and
has been identified as a negative modulator of insulin signaling by inhibiting the production
of the lipid second messenger PI(3)P. Indeed, MTMR7 protein expression is downregulated
in vitro in colon cancer cells and in tissues of colon cancer patients under conditions of active
insulin/IGF-2 signaling 367.
IGF-2 production may be stimulated by antitumor treatments, such as the anti-IGF-1R
monoclonal antibody cixutumumab and histone deacetylase inhibitors, and may enhance drug
resistance through IR-A binding. In both cases, IGF-2 production is stimulated by STAT3
activation. Increased IGF-2 production may have anti-apoptotic effects in cancer cells and
stimulate angiogenesis through macrophage and fibroblast recruitment and consequent
CXCL8 production and vascular endothelial cell proliferation and migration 368,369.
The IGF-2/IR-A loop and cell stemness in cancer.
Several lines of evidence have indicated a close relationship between insulin/IGF signaling
and cell stemness 211. Indeed, IGFs are involved in the activation of key features of cell
stemness, such as EMT, pluripotency and self-renewal. First, it is now well established that
IGF stimulation of immortalized and cancer cells upregulates several EMT-related
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transcriptional regulators. In particular, the MEK/ERK pathway is involved in the
upregulation of Twist and ZEB1 370. Moreover, GSK3β inhibition by insulin regulates the
proteasomal degradation of Slug and Snail 371. EMT may in turn trigger autocrine IGF-1
production, which activates a positive feedback loop between IGF-1R activation and SLUG
expression 372,373. Insulin/IGF signaling also regulates several transcription factors involved
in pluripotency, such as p53, Oct-4 and Nanog, and induces phosphorylation and inactivation
of p53, which negatively regulates Oct-4 and Nanog 374. Moreover, insulin/IGF signaling,
through the PI3K/GSK3β pathway, mediates the formation of a β-catenin/Oct-4/SOX2
complex, which activates the Nanog promoter 375. In addition, insulin- and IGF-1-dependent
activation of the PI3K/Akt/mTOR pathway regulates hypoxia factors 1 and 2 (HIF-1 and
HIF-2), which upregulate Twist and Snail, as well as pluripotency factors, such as Oct-4,
SOX2, and Nanog 376. Insulin/IGF signaling is also implicated in significant crosstalk with
microenvironment signals of the stem cell niche, such as the Wnt/β-catenin, Notch and Sonic
hedgehog (Shh) pathways, which play a key role in regulating stem cell self-renewal and
differentiation into specialized lineages 211. In agreement with these findings, insulin
signaling, via phosphoinositide 3-kinase and FOXO, controls the competence of the
Drosophila female germline stem cell niche to respond to Notch ligands and promotes niche
stability 377.
Most of these studies have examined the IGF-1/IGF-1R axis and neglected the specific
role of IR isoforms and IR/IGF-1R hybrids. However, several lines of evidence indicate that
the IGF-2/IR-A axis might play a more prevalent role than the IGF-1/IGF-1R axis in some
cellular contexts. For instance, progenitor/stem cells from human thyroid cancer specimens
cultured as thyrospheres exhibited a higher IR:IGF-1R ratio compared to normal thyrospheres
or differentiated thyrocytes 378. Moreover, cancer thyrospheres had a higher relative IR-A
abundance (65–86%) compared to normal thyrospheres (50–65%), differentiated spherederived thyrocytes (45%), or normal thyroid primary cultures (40%). IGF-2 was also
produced at high levels by both normal and cancer thyrospheres, while it was markedly
decreased when normal spheres differentiated. By contrast, IGF-1R expression was similar in
normal thyrospheres and thyroid primary cultures and was generally lower in cancer
thyrospheres. Similarly, IGF-1 expression was much higher in normal than in malignant
thyrospheres. Collectively, these data suggest that the IGF-2/IR-A loop might play a
predominant role in thyroid cancer stem cells, while the IGF-1/IGF-1R loop is more
important in normal thyroid cells 378. Interestingly, while IGF-1, IGF-2 and insulin
significantly stimulated an increase in cancer thyrosphere volume, only IGF-2 affected cancer
thyrosphere self-renewal, likely through activation of the IR-A isoform.
Notably, several recent studies have indicated a key role of IGF-2 in the biology of cancer
stem cells. IGF-2 is paternally imprinted, and LOI may occur in a variety of human cancers
379
. Interestingly, some studies indicate that IGF-2 LOI may occur in CSCs, even in CSCs
derived from cells with normal IGF-2 imprinting. These CSCs may present aberrant IGF-2
expression, enhanced colony formation and greater resistance to chemotherapy and
radiotherapy in vitro 380. It is not clear how the normally suppressed maternal IGF-2 allele is
reactivated in tumors with IGF-2 LOI. The polycomb protein SUZ12, involved in histone
methylation, is critical for the maintenance of normal IGF-2 imprinting. SUZ12 is
downregulated in IGF-2 LOI tumors. Loss of SUZ12 is associated with the dysregulation of
IGF-2 imprinting in tumors, suggesting that this pathway may be dysfunctional in human
tumors and perhaps in cancer stem cells, in which IGF-2 is biallelically expressed 381.
Notably, in invasive mucinous lung adenocarcinoma cells, in which the CD74Neuregulin1 (NRG1) fusion gene is a driver, NRG1 promotes stem-like properties by
inducing autocrine IGF-2 expression through the PI3K/Akt/NF-kB signaling pathway 382.
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Moreover, the embryonic stem (ES)-specific transcription factor ZFP57, which is
involved in the anchorage-independent growth of human fibrosarcoma cells and is
overexpressed in cancer specimens, acts by regulating the expression of IGF-2 383. In turn,
IGF-2, by phosphorylating and activating STAT-3, may induce the pluripotency transcription
factor NANOG, activating the transcription of Slug, EMT, and a self-renewal and metastatic
phenotype 373. Similar data were confirmed in human hepatocarcinoma cells 375.
The majority of studies demonstrating a strict correlation between autocrine IGF-2
expression and the emergence/maintenance of stem-like cancer cell features have generally
not determined whether the main receptor in delivering the effects of IGF-2 is IR-A or the
IGF-1R. Therefore, more studies are needed to precisely define the roles of the IR isoforms in
malignant stem cells of various origins. However, it is important to note that while both the
IGF-1R and IR-A have roughly the same affinity for IGF-2, the IGF-1R binds with a higher
affinity to IGF-1, which is often abundant in the tumor microenvironment and may saturate
IGF-1R binding sites. In contrast, IR-A has a low affinity for IGF-1 but a high affinity for
IGF-2, which is very often secreted in an autocrine manner by stem-like cancer cells.
Contrary to the common belief, several lines of evidence now suggest that IGF-2 is the
principal ligand of IR-A, at least in several models of CSCs.
Insulin resistance, gestational diabetes and diabetes
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Insulin resistance, a condition in which higher than normal concentrations of insulin are
required to maintain normoglycemia, is often associated with a number of diseases including
obesity, gestational diabetes mellitus (GDM) and type 2 diabetes mellitus (T2DM) (1). Data
on the roles of IR isoforms in insulin-resistant states, including T2DM, are scarce and
sometimes contradictory. Because in humans, IR-B is the predominant isoform in the typical
target tissues of insulin (i.e., liver, adipose tissue and muscle), it has been hypothesized that
insulin resistance in all or some insulin target tissues is associated with an increased IR-A:IRB ratio. Early studies, however, did not find significant alterations of the IR-A:IR-B ratio in
several forms of insulin resistance 384. However, this view has been challenged by more
recent findings. Obesity is the most common condition associated with insulin resistance. It
has been recently shown that the improvement of insulin resistance induced by weight loss
obtained by a very low-calorie diet or bariatric surgery results in an increase in the IR-B
isoform in adipose tissue 318. Changes in the IR-A:IR-B ratio in favor of the more
metabolically active IR-B are often related to the reduction of circulating insulin levels and
should contribute to improved insulin sensitivity (Table 6).
Liver insulin resistance plays a central role in the pathogenesis of T2DM, since defective
liver gluconeogenesis is the major contributor to the fasting hyperglycemia seen in T2DM.
Several studies have reported that liver insulin resistance improves quickly after weight loss.
Recently, the expression of IR isoforms has been evaluated in livers from obese patients who
underwent bariatric surgery. The authors included individuals with normal glucose tolerance
(NGT) and T2DM patients. The mean IR-A:IR-B ratio in the T2DM group was significantly
higher than in the NGT group 81. Approximately one year later, after significant weight loss,
some individuals had a second liver biopsy, showing that the IR-A:IR-B ratio was reduced
only in those that had diabetes in remission (though similar weight loss was observed in
patients with persistent diabetes). The improved IR-A:IR-B ratio after T2DM remission was
apparently due to decreased levels of IR-A, rather than increased levels of IR-B 81 and was
correlated to the resolution of hyperinsulinemia. The possible correlation between IR-A:IR-B
ratio and liver fat content was not studied. These data fit well with those showing an increase
of IR-B in the adipose tissue of obese patients after bariatric surgery 318 (Table 6).
Moreover, in immortalized pancreatic β-cells expressing the IR-A isoform, but not in
cells expressing IR-B, glucose uptake was increased due to an association between GLUT-1
and GLUT-2 with IR-A 241. These findings are in line with the hypothesis that the IR-A-
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GLUT complex constitutes a sensor unit allosterically regulated by glucose 385. Glycosylation
of this IR-A-GLUT complex may therefore have implications in the reduced insulin secretion
and the insulin resistance of diabetes 385.
The IR-A:IR-B ratio has been studied in relation to the placental vascular alterations
observed in GDM. GDM is defined as glucose intolerance with onset during the second or
third trimester of pregnancy. In western countries, the prevalence of GDM has increased to
up to more than 10% of pregnancies, in accordance with the increase in obesity. In the
majority of women with GDM, the pathogenesis involves pancreatic β-cell dysfunction in a
background of chronic insulin resistance already apparent before pregnancy 386. If not
adequately treated, GDM leads to adverse maternal and neonatal outcomes 387. In addition,
pregnant women with GDM have a higher risk of developing post-partum T2DM 388. GDM
leads to placental vascular alterations in both the macrovascular and microvascular
endothelium 389. Insulin and adenosine cause relaxation of umbilical vein rings, but this effect
is reduced in GDM compared to normal pregnancies. In primary cultured human umbilical
vein endothelial cells (HUVECs) from normal subjects, both IR-A and IR-B are present, with
an IR-A:IR-B ratio in favor of IR-A; this IR-A:IR-B ratio is increased in HUVECs from
GDM patients 230 (Table 6). Moreover, HUVECs from GDM patients exhibit increased ERK
phosphorylation 230, reduced adenosine transport with an increased extracellular
concentration of adenosine, and a mitogenic-like phenotype 390. Insulin exposure corrects
these abnormalities, reverting these cells into a metabolic-like phenotype 391.
Whether altered IR isoform expression has a pathophysiological role in human placental
tissue in GDM pregnancies and how it affects normal endothelial function during pregnancy
remains to be elucidated. It has been hypothesized that insulin resistance in GDM might be
causally associated with increased IR-A expression, as previously demonstrated in other
diseases (i.e., myotonic dystrophy types 1 and type 2).
Taken together, these data strongly suggest that the IR-A:IR-B ratio is altered in insulinresistant conditions including obesity, GDM and T2DM and that these alterations contribute
to insulin resistance as well as to dysregulated insulin secretion by pancreatic beta cells.
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Myotonic dystrophy type 1 (DM1) and myotonic dystrophy type 2 (DM2) are two of the most
common muscular dystrophies in adulthood, characterized by myotonia, progressive
myopathy and multi-organ involvement. Patients with DM1 and DM2 present with severe
insulin resistance, hyperinsulinemia, glucose intolerance and a high risk of developing
T2DM. DMs may have a complex and not fully understood pathogenesis, but a major
mechanism involves marked expansion of an unstable CTG triplet repeat in the 3’untranslated region of the dystrophia myotonica protein kinase (DMPK) gene. These
transcribed CUG repeats sequester certain splicing factors such as muscleblind-like 1
(MBNL1), which are required for the inclusion of IR exon 11 in the IR-B transcript (Table 6)
as well as for the correct splicing of numerous genes 392. As a consequence, DM patients have
an increased IR-A:IR-B ratio in skeletal muscles, which has been linked to insulin resistance
(14). DMs therefore represent a useful model to better understand the mechanisms of IR
isoform generation as well as a model for studying the consequences of predominant
expression of IR-A and to correct the abnormal IR splicing. In young non-diabetic DM1
patients, insulin resistance may not be severe but is associated with elevated fasting plasma
proinsulin concentrations and a high proinsulin:insulin ratio that is amplified in response to
an oral glucose tolerance test 393. Interestingly, these patients showed impairment of the
negative feedback of insulin on β-cell secretion. Whether this loss of β-cell sensitivity was
due to the altered IR-A:IR-B ratio was not clarified 393.
One intriguing strategy to cure DM patients would be the attempt to restore MBNL1
activity with small molecules to inhibit MBNL1 sequestration. At least some of these
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molecules seem to have negligible toxicity in mammals 394. Recently, resveratrol, a
polyphenolic flavonoid present in grape skins and seeds, red wine, blueberries and peanuts,
has been evaluated, and it enhanced IR exon 11 inclusion and increased IR-B mRNA
expression in cultured fibroblasts from DM1 patients (19).
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Alzheimer’s disease (AD) is the most common cause of dementia worldwide, and its
pathogenesis is multifactorial. AD prevalence varies with age: it is approximately 11% in
people aged 65 or older, and approximately 50% in people aged 85 or older. Insulin and IGF1 play an important role in the central nervous system (CNS), regulating key processes such
as energy homeostasis, neuronal survival, longevity, learning and memory (see the
paragraph titled ‘Brain function and cognition’). In addition, the IR and IGF-1R are
selectively distributed in the brain, with a higher density in the olfactory bulb, hypothalamus,
and in two of the main brain areas affected by AD pathology (i.e., the hippocampus and
cerebral cortex). A state of insulin resistance has been reported in the brains of AD patients.
Indeed, AD patients have reduced brain IR sensitivity and reduced levels of the IR and IGF1R (20,21). This peculiar characteristic of brain insulin resistance in AD has been termed
“Type 3 diabetes” to highlight this mechanism of neurodegeneration.
VIII: IR activation and inhibition in therapy: new advances and perspectives
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New IR ligands and modulators
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Advances have been made in the development of new insulin analogs or allosteric IR
activators for the therapy of diabetes and/or neurodegeneration as well as new IR inhibitors
for cancer therapy. In addition, the importance of IR isoform-specific targeting is becoming
more appreciated.
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Insulin binding to the activated IR has pleiotropic effects, triggering metabolic, mitogenic
and antiapoptotic responses (344). Natural or synthetic ligands can change the receptor
conformation and activity by interacting with either the natural insulin-binding site
(orthosteric binding site) or with a site different from the canonical insulin binding site
(allosteric binding site).
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Insulin analogs
Insulin analogs are orthosteric variants of native insulin developed to efficiently mimic
physiologic insulin secretion and achieve improved glycemic control 395,396. However, due to
the structural differences with native insulin, insulin analogs may interact with IR isoforms
and the IGF-1R with different binding affinities and dissociation rates, which may affect the
activation of downstream signaling cascades. Theoretically, they may elicit imbalanced
mitogenic effects compared to native insulin 395,397. Thus, this aspect has become a matter of
concern, since insulin analogs are used in large diabetic populations. For this reason, all
insulin analogs have been tested for their mitogenic potential risk in vitro and in vivo before
being used in clinical settings.
According to their pharmacokinetics and to the general principle of protein folding and
assembly, insulin analogs can be classified as short acting (AspB10, Lispro, Aspart,
Glulisine) and long acting (Glargine, Detemir, Degludec). Short-acting analogs rapidly
disassemble in the subcutaneous injection site, and this facilitates capillary absorption;
conversely, long-acting insulin analogs adopt different strategies to provide a slow and
continuous insulin delivery in the circulation. Next-generation insulin analogs have been
designed to maintain effective glucose regulation but minimal mitogenic potency compared
to native insulin. Recently, a novel long-acting insulin analog consisting of the insulin Lispro
linked to a PEG moiety (LY2605541) as well as engineered glucose-responsive insulin
analogs (called “smart insulins”) have been designed. Though many of these new
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formulations are still not yet fully characterized, they will likely enable patients to achieve
better metabolic control associated with a safer profile in terms of mitogenic risk.
The first and most studied insulin analog was AspB10, which showed an increased
affinity for both the IR and IGF-1R and enhanced cell proliferation and promoted mammary
tumors in rats 398–400. Due to its increased mitogenic action, AspB10 was discontinued in
early clinical development. However, the pioneering studies on the molecular safety of this
insulin have been of great importance to better understanding the mechanisms implicated in
metabolic and mitogenic signaling for the next generation of insulin analogs. Over the years,
several cell models have been developed to investigate the potential carcinogenic risk of
insulin analogs in vitro. The available data are incomplete and sometimes contradictory, due
to different cell types, experimental conditions and insulin dosages used 401. A high binding
affinity for the IGF-1R and prolonged occupancy time on the IR-A isoform have been
proposed as possible mechanisms underlying the enhanced mitogenic potential of insulin
analogs.
In regard to IR isoforms, it has been demonstrated that all three short-acting insulin
analogs have binding affinity and dissociation rates for IR isoforms similar to that of native
insulin 402,403 and induce molecular and biological responses similar to those of human
insulin. Though both short- and long-acting analogs phosphorylate IR isoforms at levels
comparable to human insulin 402,403, Aspart and Lispro but not Glulisine induce a more rapid
ERK activation through IR-A, whereas all three analogs stimulate a more prolonged Akt
activation compared to insulin. Furthermore, these analogs exhibited a mitogenic potential
similar to that of insulin, with the exception of Glulisine, which was more potent than native
insulin, likely due to stimulation of the IGF-1R.
By contrast, the long-acting analogs Glargine and Detemir behaved differently, as both of
them had a reduced binding affinity for the IR-A isoform but a longer dissociation rate in
comparison to native insulin 402–405. Only Detemir has a lower affinity for the IR-B isoform
402,404,406
. To date, very few data are available on the insulin Degludec. To the best of our
knowledge, the relative affinity and dissociation rates of Degludec for IR isoforms as well as
for the IGF-1R and HRs have not been defined 407,408. Due to these molecular properties,
long-acting analogs differ from short-acting analogs and native insulin in modulating the
downstream biological responses of the receptors. In particular, both Glargine and Detemir
may exert more potent mitogenic stimuli than native insulin by inducing a preferential
activation of the ERK pathway and an increased ERK:Akt activation ratio in vitro
402,404,405,409–411
. The increased mitogenic effect of Glargine can also be attributed to its higher
affinity for the IGF-1R compared to insulin 404,405. These data have been confirmed in MCF-7
cells overexpressing the IGF-1R (MCF-7/IGF-1R cells) 412, where Glargine induced a
stronger mitogenic response compared to insulin, while Aspart and Lispro had comparable
mitogenic potencies similar to native insulin. Notably, Glargine is rapidly converted into M1
and M2 metabolites after in vivo administration. Detemir, the M1/M2 Glargine metabolites
and Glulisine showed reduced mitogenic action compared to insulin 412,413. Furthermore,
Glargine stimulated proliferation more potently in MCF-7/IGF-1R cells than in MCF-7 cells
overexpressing the IR-A isoform (MCF-7/IR-A cells). These data suggest that at least in this
cell model, Glargine-induced mitogenic responses are preferentially elicited through the IGF1R rather than the IR-A isoform 412,413. Accordingly, insulin analogs might evoke stronger
mitogenic responses than human insulin in cells characterized by a high IGF-1R/IR ratio
410,414–416
, although not in all studies 147,405,417. However, other studies have instead suggested
that the proliferative effects of long-acting analogs may occur preferentially via IRs
(especially IR-A), likely due to the decreased dissociation rate from the IR and consequent
prolonged IR activation 402. Alternatively, the increased mitogenic properties of an insulin
analog might reflect the binding preference for IR-A versus IR-B. For instance, Sciacca et al.
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reported that Detemir displayed a 13-fold higher affinity for IR-A than for IR-B. In
support of this notion, human insulin exerts increased mitogenic responses by preferentially
binding to the IR-A isoform, especially in cancer cells, which preferentially express this
isoform 418. In contrast to these data, Hansen et al. 414 reported similar binding and activation
of both IR isoforms for Detemir, Glargine and AspB10 414,416.
Another possibility to consider is that analogs could mediate tumor growth through HRs,
especially HR-A. However, Hansen et al. 414 did not find significant differences among
analogs in their relative affinities for the two IR isoforms either in homodimers or as hybrid
receptors, which showed similar phosphorylation or activation of downstream effectors.
However, they demonstrated that the Glargine binding affinity for both HR-A and HR-B was
3-fold higher than that of human insulin and similar to that of AspB10. In contrast, Detemir
bound both IR/IGF-1R hybrids with a four-fold decreased affinity compared to human
insulin. No analog showed an increased mitogenic effect in cells predominantly expressing
the IR, while Glargine exerted an increased mitogenic effect in cells predominantly
expressing the IGF-1R 414.
In light of these in vitro results, it is reasonable to assume that binding affinities and the
dissociation rates for each of the two IR isoforms, the IGF-1R and HRs as well as ligandinduced receptor internalization and trafficking are all contribute to regulating the different
and tissue-specific biological effects of particular insulin analogs.
Notably, commercially available analogs, unlike AspB10, do not show an increased
transforming capacity compared to insulin 402. In addition, the gene expression profiles after
Glargine injection in the mammary glands of mice were similar to those induced by insulin
413
.
However, the scenario in vivo could be different from what was observed in vitro. For
instance, insulin Glargine is metabolized to M1 and M2, which induce a mitogenic:metabolic
ratio similar to that of native insulin 403, while Detemir and Degludec, which circulate as the
albumin-bound form, reach relatively high concentrations with no clear data regarding their
free concentrations in vivo 419.
So far, clinical evidence cannot exclude or confirm a relationship between analog use and
cancer risk. Four retrospective clinical trials have recently addressed the question of whether
use of insulin Glargine in diabetic patients is associated with an increased cancer risk. Three
of these studies, published simultaneously in 2009 420–422, speculated a possible association
between Glargine and cancer risk. One study did not find any relationship with Glargine but
found an increased cancer risk for all insulin preparations 423. More recently, other studies
have not found any correlation between the use of Glargine in diabetic patients and cancer
risk, suggesting a safety profile of this analog similar to native insulin 424,425. In 2012, the
ORIGIN trial reported no differences between Glargine treatment and the standard of care in
cancer incidence and cancer-related deaths 426. A systematic review of studies evaluating the
effect of long-acting insulin analogs on the risk of cancer (breast-colon-prostate) found no
association between Glargine and Detemir and cancer in thirteen out of fifteen studies. Four
out of thirteen studies reported an increased risk of breast cancer with the use of insulin
Glargine. However, these clinical data are quite controversial due to many biases and
confounders in all studies analyzed 427. Based on the in vitro, in vivo and epidemiological
observations currently available, it appears that the therapeutic risk of insulin analogs in
terms of cancer development and progression is modest at best compared to native insulin.
However, uncertainty still remains, and future studies should be conducted to address this
issue conclusively .
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design IR modulators that would induce conformational changes of the receptor different
from the one induced by the natural ligand to stimulate selective responses in terms of the
time, intensity and quality of downstream signals. For this reason, a number of new IR
ligands able to separate the metabolic from the mitogenic IR action have been studied in the
last decade.
Autoantibodies to the IR were first identified in patients with rare diseases and severe
insulin resistance. In most cases, by binding to the receptor, these antibodies competitively
blocked insulin binding and caused severe insulin resistance and diabetes 428. However, in
some instances, these orthosteric IR antibodies mimicked the insulin effect and caused
hypoglycemia 429. Based on these observations, novel anti-IR monoclonal antibodies were
designed, and these antibodies interacted with allosteric sites of the IR, thereby inducing
distinct structural states of the receptor and, consequently, different signals. For example,
monoclonal antibodies isolated from a human antibody phage display library 430 bind to the
IR with a high affinity in different allosteric sites and therefore display different properties.
These antibodies include an agonist monoclonal antibody with full glucoregulatory and
cholesterol lowering activity but no mitogenic effect in cancer cells (it activates the Akt
pathway but only minimally activates the MAP kinase mitogenic pathway) 431,432, and a nonagonist antibody that increases the insulin binding affinity of the IR for insulin 20-fold by
decreasing the dissociation rate and stabilizing the ligand-bound conformation of the receptor
433
.
In addition, an antagonist antibody has been obtained that reduces insulin binding by 3fold and, more importantly, reduces insulin post-receptor signaling by 20- to 100-fold 434.
The potential clinical relevance of these allosteric IR modulators is evident, since they
demonstrate the possibility of inducing specific modifications of the IR conformation,
differentially stimulating the pleiotropic biological signals of IR activation. Moreover, these
antibodies have the advantage of being IR-specific (no effect on the IGF-1R), with a long
half-life and, being human proteins, low immunogenicity 435. The effect of these antibodies
on IR isoform activation and signaling has not been studied, but it is unlikely to be relevant,
since they bind to allosteric sites of the receptor molecule: their selective activation of IR
signaling, therefore, should be independent from the structure/function relationship typical of
the IR isoform binding site.
In addition to antibodies, small synthetic peptides have also been obtained for IR
modulation. The recent advancements in understanding the structural biology of the
interaction between insulin and its primary binding site of the receptor (see above paragraph)
and the identification of a set of synthetic peptides exhibiting agonist activity in both
lipogenesis and glucose uptake 436 can provide novel insights that help to clarify the
structure/function relationship of the IR molecule and its pleiotropic effects 437. The first
single-chain peptide was synthesized in 2008 436, bound to the orthosteric site of the IR and
selectively activated the metabolic function (glycogen synthesis) of the IR-A isoform
similarly to insulin. In contrast to insulin, however, the Shc and ERK pathways were not
activated, and cell proliferation was only slightly stimulated. Small IR-binding compounds
have been recently isolated from Gymnema sylvestre, a common herb in South Asia with
known antidiabetic properties. These small compounds have a high binding affinity for the
IR, interacting with amino acids in the active binding site 438.
In addition to small peptides and antibodies, a novel approach to the selective activation
of the IR has been obtained with aptamers. These are single-stranded nucleotides artificially
isolated by a new in vitro selection process (SELEX) 439. Aptamers can interact with a high
affinity and specificity with specific regions of a protein. The IR agonist aptamer IR-488
causes the preferential phosphorylation of Y1150 of the IR catalytic domain and
differentially regulates IR signaling: the Akt (metabolic) pathway but not the MAPK
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(mitogenic) pathway is stimulated with little effect on cancer cell proliferation. The possible
IR isoform-specific action of these aptamers is unknown at present.
In 2011, a mutation at position B25 alone or in combination with a mutation at position
B27 in the insulin molecule was identified as the common denominator conferring IR isoform
selectivity. By amino acid scanning mutagenesis, two IR isoform-selective insulin analogs
were engineered, INS-A and INS-B, with 2-4-fold differences in relative IR isoform binding
affinity compared to human insulin 244,440. These two insulin analogs were also found to exert
isoform-selective effects both in vitro and in vivo. In particular, INS-B showed higher
potency in stimulating lipogenesis in rat adipocytes and glycogen accumulation in rat
hepatocytes, in accordance with the tissue expression profile of IR-B, which is the
predominant isoform in liver and fat tissue. The analog INS-A exerted opposite effects,
exerting a stronger effect on muscle glycogen synthesis 244. Covalent intra-chain crosslinking
within its B22–B30 segment has been also used to modulate the binding affinity of insulin
analogs towards IR isoforms. Using this approach, Vicova et al. have synthesized an insulin
analog containing a B26–B29 triazole bridge that was highly active in binding to both IR
isoforms, with a significant preference for IR-B 441. Moreover, it has been observed that
insulin analogs modified at the TyrB26 site may provide structural insight into the structural
origins of differential insulin signaling through IR-A and IR-B. For instance, it was found
that an AsnB26 analog may preferentially signal through the IR-B 442. Insulin-IGF hybrids
have been also used as molecular probes to evaluate the ability of specific aminoacid
sequences added at the C-terminus of the insulin B chain in modulating the differential
binding affinity of insulin analogs to the two IR isoforms 443.
These studies are potentially of high clinical importance, because diabetic patients treated
with exogenous insulin by subcutaneous injection incur a non-physiological insulin
distribution, as the liver should normally be exposed to significantly higher insulin
concentrations than peripheral organs. Due to the tissue-specific expression of the IR
isoforms in humans, where IR-B is highly expressed in the liver while most peripheral tissues
also express variable IR-A levels, the IR-B-selective insulin analog could be primarily
effective in the liver and induce liver-preferential effects. Consequently, this analog could
better mimic the natural physiology of insulin distribution, improving blood glucose control
and the lipid profile and reducing fat mass and the incidence of hypoglycemia 244,440. In
summary, the design of analogs with specific selectivity for the two IR splicing variants
could provide an opportunity to apply tissue-selective insulin therapy on the basis of tissuespecific IR isoform expression profiles 244. In this regard, it is important to note that an IR-Aselective insulin analog could potentially exert a deleterious effect in cancer cells that
overexpress IR-A by inducing a pronounced mitogenic response and favoring cancer
progression.
In conclusion, many ways to selectively regulate the IR have been discovered. The
conformational changes induced by both orthosteric and allosteric ligands can differentially
activate the post-receptor signaling pathways and insulin-dependent gene expression. This
may result in a series of advantages that are relevant in terms of clinical applications (Table
7).
Despite these recent advances in establishing IR modulators, the enormous potential for
fine-tuning the IR signaling processes in target cells is far from being reached. Many issues
require further investigation, such as the structure/function interactions at the receptor level,
optimization of the complex network of intracellular signaling, the tissue specificity of
selective IR activation/inhibition and the long-term consequences of unbalancing the
multitarget IR signaling in the whole organism 444,445.
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- The IR-A pathway as a cancer target
Several studies have now established the importance of the insulin/IGF-2/IR-A pathway as a
viable target in malignancies addicted to this signaling. Indeed, in agreement with previous
studies demonstrating that the IGF-1R and IR form hybrid receptors with an important role in
cancer 446, it is now widely accepted that the IGF-1R and IR are critically interconnected. In
fact, it has been shown that targeting the IGF-1R alone in IGF-2-producing cancer cells
results in increased IR activity through the formation of phospho-IR homodimers 447.
Similarly, genetic disruption of the IGF-1R gene in normal mouse embryonic fibroblasts
(MEFs) leads to IR pathway hypersensitivity due to increased IR homodimers and IR
oligomerization 448. By contrast, IR ablation leads to increased IGF-1R homodimers and
enhances signaling through the IGF-1R 214. As previously reported 449, measuring IR and
IGF-1R expression levels and the IR:IGF-1R ratio can predict the prevalent receptor action
and therapeutic response. Accordingly, tamoxifen-resistant MCF-7 cells predominantly
express the IR and are sensitive to IR inhibition, while the parental cells express both the IR
and IGF-1R and are sensitive to the combined inhibition 450. Notably, IR-A overexpression in
tumor cells confers complete resistance to the anti-IGF-1R antibody cixutumumab, while IRB expression confers partial resistance. Total IR expression acts as a biomarker predictive of
resistance to anti-IGF-1R antibodies alone or in combination with chemotherapy 319.
Three main strategies have been pursued to target the INS/IGF-2/IR-A pathway. The first
approach relies on co-targeting the IR and IGF-1R with dual small molecule TK inhibitors,
while the second approach directly targets IGF-2 as the common ligand for IR-A and IGF-1R
using specific antibodies or specific ligand traps. Lastly, there is the option of specifically
targeting the IR-A isoform without affecting the IR-B isoform.
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- Dual IGF-1R/IR small-molecule TK inhibitors
Evidence in the literature supports the notion that an ATP-competitive dual IGF-1R/IR RTK
inhibitor may be more effective than the combination of anti-IGF-1R and anti-IR antibodies
451
. Moreover, treatment with the dual IGF-1R/IR inhibitor AZD9362 enhanced the antitumor efficacy of the Akt inhibitor AZD5363 in MCF-7/LTED cells and MCF-7 xenografts
in ovariectomized mice, suggesting that this combination therapy would be an effective
treatment against hormone-independent ER+ breast cancer 452.
Linsitinib (OSI-906) and BMS-754807 are well-characterized small-molecule dual
inhibitors of the IGF-1R and IR. Preclinical data have shown a remarkable efficacy of
Linsitinib both in cultured cancer cells and in vivo human tumor xenografts. Tumor cell lines
with autocrine IGF-2 production 453 and expressing high levels of phosphorylated IGF-1R
and IR are most likely to respond to such an inhibitor 453. Several phase I-III studies are
currently under way with Linsitinib, which has shown acceptable tolerability in patients with
a variety of cancer histotypes (https://clinicaltrials.gov/ct2/results?term=linsitinib&pg=1).
However, recently published results of a multi-center phase 3 study using Linsitinib in 90
patients with locally advanced or metastatic adrenocortical carcinoma did not show any effect
of this drug in increasing either progression-free survival or overall survival 454. Similar
results were obtained in preclinical studies with BMS-754807 alone or in combination with
other anticancer agents, such as gefitinib, gemcitabine, an ATM-Related Kinase (ATR)
inhibitor and cisplatin 455–459. However, although some clinical studies are in progress
(https://clinicaltrials.gov/ct2/results?term=BMS-754807+&Search=Search), no evidence of
efficacy in a clinical setting has been demonstrated so far.
Similarly, the KW-2450 dual TK inhibitor had significant antitumor activity in preclinical
studies. A phase I clinical trial in 13 patients with advanced solid tumors showed an
acceptable degree of toxicity, which includes cases with grade 3 hyperglycemia, and was
associated with modest antitumor activity 460. Recently, using the dual inhibitor BI 885578, it
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was observed that the IR-B signaling in muscle recovered better than the IGF-1R/IR-A
signaling in GEO colon cancer cells indicating the possibility of a therapeutical window 461.
- Specific targeting of IR-A or total IR.
The identification of mutations in splicing factors in hematological malignancies and solid
tumors 310,311 has reinforced the important role of gene splicing in the establishment of the
malignant phenotype. Moreover, various drugs have been developed to normalize the action
of mutated splicing factors or to target cells bearing mutated splicing factors for degradation
309,462
. However, no splicing factor mutation has been isolated as a driving factor modulating
the high IR-A:IR-B ratio frequently observed in cancer. As a consequence, whether some of
the drugs available to offset splicing factor mutations may normalize the IR-A:IR-B ratio in
favor of the IR-B isoform in cancer is currently unknown. The differential action on IR
isoform protein maturation might provide new target strategies. Data showing that furin
cleavage is essential for IR-A maturation while IR-B maturation may be supported by the
convertase PACE4 (see the paragraph titled ‘Differential IR isoform regulation at the protein
level’) 85 are in line with previous observations reporting that furin inhibition attenuates
critical properties of tumor cells 463,464. This approach might therefore open interesting
avenues in cancer prevention and therapy, as furin can be inhibited by a number of
polyphenols (catechins, gallic acid and quercetin) 465.
Nucleic acid-based aptamers are emerging as therapeutic antagonists of diseaseassociated proteins such as receptor tyrosine kinases. Recently, a nuclease-resistant RNA
aptamer that specifically recognizes the IR and inhibits IR-dependent signaling has been
described. These data suggest that it could be possible to select high-affinity aptamers that
specifically bind the IR-A isoform 466.
As mentioned above, several specific miRNAs, including miR-15b, miR-195, miR-497,
miR-103/107, let-7, and miR-424 regulate IR expression in physio-pathological conditions
such as obesity and insulin resistance. These miRNAs are dysregulated in cancer and, in
principle, could contribute to IR upregulation and an increased IR-A:IR-B ratio.
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- IGF-2-blocking strategies
In osteosarcoma cells, IGF-2 is expressed at high levels after chemotherapy treatment.
Indeed, exposure of osteosarcoma cells to IGF-2 or insulin induced a dormant state
associated with resistance to various chemotherapeutic drugs both in vitro and in mice
xenografts 467. IGF-2 levels were identified as predictive of tumor sensitivity to anti-EGFR
therapy and a determinant of the response to combined IGF-2/EGFR targeting 468.
Sequestration of IGF-2 has been achieved by blocking antibodies that can either
specifically bind IGF-2 only or both IGF-1 and IGF-2 or with IGF-2 ligand traps. These
approaches do not impair the metabolic effects of insulin but do not antagonize the possible
protumorigenic effects of high circulating insulin levels.
MEDI-573 is a fully humanized IgG2 monoclonal antibody that neutralizes both IGF-1
and IGF-2, thus inhibiting IGF-1R and IR-A activation by IGF-2. This antibody has shown
potent antitumor efficacy in IGF-driven tumors 469. In mouse models, MEDI-573 efficiently
neutralized IGF-2 and significantly inhibited the tumor growth of colorectal cancer (CRC)
cells with overexpressed IGF-2 as the major driver but did not affect the growth of cells with
physiological levels of IGF-2 470. Similar results were obtained in sarcoma cells expressing
IGF-1 and IGF-2 470. Phase I dose-escalation studies carried out in patients with advanced
solid tumors refractory to standard therapy have shown that MEDI-573 is generally well
tolerated. No complete or partial responses were observed, but approximately one third of
patients showed stable disease 227,471.
The high-affinity domain 11 of M6P/IGF2R can be exploited as a soluble ligand
antagonist or trap to deplete IGF-2 isoforms from serum and inhibit IGF-2-dependent
signaling in vivo. The affinity of domain 11 for IGF-2 may be increased several fold by
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mutagenesis 472. Recently, novel mutations in the domain 11 binding site have been
described, and they increase the binding affinity for IGF-2 by approximately 100-fold,
suggesting that this mutated domain 11 might function as a more efficient IGF-2 trap 473. A
different IGF trap with a high affinity for IGF-1 and IGF-2 and a low affinity for insulin has
been engineered by combining the soluble form of the IGF-1R and the Fc portion of IgG1.
This IGF trap has shown significant antitumor activity in preclinical models 474. In gastroentero-pancreatic neuroendocrine tumors (GEP-NETs) that preferentially express IR-A 475,
autocrine IGF-2 production leads to IR-A activation. In these tumors, IGF-2 production can
be reduced by somatostatin inhibitors and dopamine agonists 476 that are able, therefore, to
inhibit the activation of the IR-A/IGF-2 loop.
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The complex role of the two IR isoforms in physiology and disease is only partially
understood (Fig. 8). During development, cells predominantly express IR-A, most likely to
maximize their response to IGFs and to proinsulin. The observation that the two IR isoforms
may have opposite effects on cell differentiation warrants further research. In agreement with
the data indicating different roles of IR isoforms in development and differentiation, it has
been recently reported that two different insulin receptors in insects determine specific effects
on wing phenotype and cause alternative development outcomes 477. IR-A also likely induces
cell growth in response to IGF-1, as shown in pancreatic beta cells. In adulthood, the
predominant expression of IR-A in the brain and of IR-B in the liver is conserved across
species, while the relative abundance of the two isoforms is more variable in skeletal muscle
and adipose tissue. The predominant IR-B expression in the liver is likely protective against
the mitogenic effects of high concentrations of insulin, proinsulin and IGFs, while IR-A
expression in the brain is possibly more related to the unique effects of insulin and IGF-2 in
this organ. The predominant IR-B expression in the liver is likely protective against the
mitogenic effects of high concentrations of insulin, proinsulin and IGFs, while IR-A
expression in the brain is possibly more related to the unique effects of insulin and IGF-2 in
this organ. On the other hand, the variable abundance of IR-A in muscle and adipose cells
suggests that the IR-A isoform may mediate the metabolic and non-metabolic effects of
insulin and IGFs in these tissues. Finally, a full understanding of the physiological
significance of IR isoforms clearly requires a practical assay to measure the protein
expression of the two isoforms as well as a more complete knowledge of the regulation of all
of the factors involved in IR gene expression and mRNA splicing and the protein processing
of the two IR isoforms. Indeed, so far no antibodies are able to distinguish the two IR
isoforms and, therefore, data describing their biology are based on mRNA expression and on
cells transfected with or naturally expressing only one isoform.
One important concept that has recently emerged is that IR isoforms are responsible for
the complexity of IR signaling diversification, which involves not only different ligand
binding affinities but also different membrane partitioning and trafficking as well as the
different abilities of the IR isoforms to interact with a variety of molecular partners and to
modify their downstream signaling accordingly. Unliganded IR isoforms may also show
functional differences in terms of apoptosis regulation and in facilitating glucose transport.
The dysregulation of this complex network has important roles in several diseases,
namely, cancer and diabetes. Therefore, recent advances in the characterization of novel IR
ligands and modulators with either agonistic or antagonistic activity should now be
considered as an important strategy for better and safer treatment of diabetes and cancer and
possibly other IR-related diseases. Our present understanding of these processes is still
incomplete, but the possibility of modulating IR activity according to the specific disease
context or patient will be a step forward in precision therapy for very common diseases.
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Figure 2. Structural biology of the interaction of insulin with its primary binding site on
the receptor. (A) Overview of the insulin + µIR complex, demonstrating the displacement of
the insulin B-chain C-terminal segment (purple ribbon) away from the hormone core. (B) Rearrangement of αCT on the L1-β2 surface upon insulin binding. The C-terminal IR residues
His710 and Phe714 are highlighted to show the change in the length and position of αCT
upon hormone binding. (C) Engagement of the insulin core by IR residues Phe714 and His
710, highlighting insulin residues that are within 4 Å of these two receptor residues. (D)
Steric overlap between bound insulin and the FnIII-1 and FnIII-2 domains upon superposition
of the insulin + µIR complex onto the structure of the apo IR ectodomain. (E) Detail of the
location of the insulin aromatic triplet PheB24-PheB25-TyrB26 within the insulin + µIR
complex. (F) Structure of IGF in complex with the IR L1-CR domain and the IGF-1R αCT
segment (colored orange, light brown and black, respectively), i.e., a "hybrid" microreceptor
complex, overlaid onto that of the insulin + µIR complex (white). Unless otherwise indicated,
the IR domains are colored as in Figure 1, the insulin A chain is colored light blue, and the
insulin B chain is colored purple.
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Figure 3. Schematic representation of regulators of IR isoform expression. The figure
summarizes the principal IR regulators acting at the promoter (transcription factors) and
mRNA level (splicing factors and miRNAs). Transcription factors act by promoting (in red)
or blocking (in blue) IR gene transcription. Several splicing factors and miRNAs are involved
in the post-transcriptional regulation of IR expression. Once the IR mRNA is formed,
splicing factors remove introns and let exons bind together. They regulate the differential
splicing of exon 11, thereby generating IR-A (ex11-) or IR-B (ex11+). Several miRNAs can
bind to the 3’UTR of the IR mRNA, favoring its degradation.
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Figure 1. The structure of the insulin receptor (αβ )2 homodimer. (A) Location of domains
within the IR αβ polypeptide. L1: first leucine-rich repeat domain; CR: cysteine-rich region;
L2: second leucine-rich repeat domain; FnIII-1, FnIII-2 and FnIII-3: first, second and third
fibronectin type III domains; ID: insert domain; αCT: C-terminal segment of the receptor α
chain, TM: transmembrane segment; JM: juxta-membrane segment; TK: tyrosine kinase
domain; C-tail: C-terminal tail of the IR β chain. Inter-chain disulfide bonds are indicated by
solid green lines, N-linked glycosylation sites by white dots and O-linked glycosylation sites
by brown dots. The N-termini of the chains are labelled in red (α or β), and the inter-chain
disulfide bonds are shown as green lines. (B) Λ-shaped assembly of the IR ectodomain. One
monomer is depicted as a ribbon, with the domains colored and labeled as in (A), the second
is depicted as a white molecular surface. The depiction is based on PDB entry 4ZXB 11.

Figure 4. Schematic model for alternative IR splicing regulation by splicing factors . IR
sequences encoding exons 10, 11, and 12 and introns 10 and 11 are shown. (A) Some
splicing factors regulate exon 11 inclusion, thereby modulating a preferential expression of
isoform B of the IR. hnRNP F binds to both ends (5’ and 3’) of intron 10. Mbnl1 recognizes
an intronic splicing enhancer (ISE) element within intron 11 and binds to two other regions
localized in intron 10 and in exon 11. SRp20 and SF2/ASF bind the exonic splicing enhancer
(ESE) element within exon 11. RBM4 binds GC-rich sequences in intron 10 and acts
synergistically with other IR splicing regulators. (B)
Factors regulating IR-A
formation. CUGBP1 binds to two silencer sequences; one located at the 3’ end of intron 10
(ISS) and the other one in exon 11 (ESS). hnRNP A1 binds similarly to the 5’ splice site of
both intron 10 and intron 11. hnRNP H favors exon 11 skipping by binding a region within
intron 10.
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Figure 6. Schematic representation of the proposed IR signal diversification by ligandinduced crosstalk with molecular partners. (A) In cells and tissues with predominant IR-B
expression, IR-B activation by insulin is normally phasic (post-prandial) and favors
“metabolic” downstream signaling, which may be affected by the IR-B crosstalk with tissuespecific molecular partners (MPs) such as Met, GPER, Cav1/2, DDR1, and GM3. These
molecules, in turn, may autonomously activate additional signaling. (B) In cells
predominantly expressing IR-A and producing IGF-2, such as fetal or cancer cells, IR-A
activation by IGF-2 elicits a steady IR-A interaction with molecular partners (MPs), favoring
“non-metabolic” effects, including mitogenesis and cell migration. In insulin-resistant
patients, hyperinsulinemia, and perhaps proinsulin, may elicit similar effects. The line
thickness indicates the strength of signaling pathway activation.
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Figure 7. Three-state model for the IR and IGF-1R control of cell apoptosis. Schematic
representation of the complex regulation of cell apoptosis by the IR and IGF-1R in the
presence or absence of ligands. Unliganded IR-B might have a more rapid effect on
apoptosis.
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Figure 8. IR isoforms affect insulin/IGF signaling diversification. a) Splicing regulation:
IR isoform relative abundance is regulated by numerous splicing factors and miRNAs.
Growth factors such as insulin and EGF favor IR-A generation; b) Relative abundance: The
relative abundance of IR isoforms is also regulated by tissue specific factors. IR-A is
predominant in fetal, stem and cancer cells; c) IR-A Internalization/Degradation: Unlike
insulin, IGF-2 binding to IR-A does not target the receptor to lysosomal degradation allowing
for prolonged mitogenic effects; d) Recruitment of molecular partners: Ligand binding
recruits various molecular partners (MPs) to the activated receptor. It can be hypothesized
that IR-A tonic activation by IGF-2 or hyperinsulinemia may induce prolonged MPs
interaction and biased signaling; e) Effect of Fed/Fasting conditions: According to ligand
binding affinities, it can be predicted that during fasting (low circulating insulin) IGF-2 is the
predominant IR-A ligand, while in fed conditions (high circulating insulin) both IR isoforms
are engaged by insulin; f) Effect of IGF-1 bioavailability: IR-A is predicted to be the major
IGF-2 receptor when IGF-1 is present and saturates the IGF-1R. In contrast, IR-A would
preferably bind insulin when IGF-1 bioavailability is low or absent.
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Figure 5. IR signal diversification and partitioning by caveolins. (A) IR signaling in
caveolae: Under physiological conditions, insulin promotes phasic IR-B interaction with
caveolin-1 (cav-1) at caveolar necks and consequent activation of metabolic effects, such as
glucose transport and glycogen synthesis. In cells overexpressing IR-A, such as cancer cells,
IR-B association with cav-1 may be compromised and switched in favor of the IR-A/cav-1
interaction, which may be biased toward mitogenic stimuli. (B) IR signaling in non-caveolar
microdomains: In cav-2- and IR-A-enriched cells, such as certain cancer cells, the cav-2/IRA interaction may elicit prolonged IR-A phosphorylation with enhanced mTOR/Stat-3
activation and preferential activation of mitogenic and pro-survival stimuli.

Table 1. EC50 values of insulin, proinsulin, IGF-2, IGF-2 precursors and IGF-1 for IR-A,
IR-B and IGF-1R
Insulin

IR-A
0.91±0.3
nd
0.40±0.10
nd
1.57±0.33
2.7±0.6

IR-B
1.0±0.4
nd
0.49±0.05
nd
nd
2.6±0.7

IGF-1R
nd
>30
>1,000
383±27
nd
nd

References
Frasca 1999
Pandini 2002
Sciacca 2010
Versteyhe 2013
Rajapaksha 2015
Pierre-Eugene 2012
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Proinsulin
IGF-2

pro-IGF-2
big-IGF-2
IGF-1

4.5±0.6
3.3±0.4
nd
nd
15.2±0.2
4±0.4
nd (<< IGF-2)
nd (≈ IGF-2)
>30
nd
34±13

31.0±6.3
36.0±3.8
nd
nd
nd
nd
nd
nd
>30
nd
50±13

DOI: 10.1210/er.2017-00073

>100
nd
0.6
13.1±0.7
nd
3.4±0.2
nd
nd
0.2±0.3
1.49±0.14
nd

Sacco 2009
Frasca 1999
Pandini 2002
Versteyhe 2013
Rajapaksha 2015
Ziegler 2014
Alicia 2011
Pandini 2002
Versteyhe 2013
Pierre-Eugene 2012

EC50: ligand concentration (nM) required to achieve 50% of maximal receptor activation; nd= not determined.

IGF-2
0.6±0.1
nd
0.18±0.04
nd
0.7±0.1
nd
nd
nd

IR-B/IGF-1R
IGF-1
2.5±0.5
0.01±0.01
0.02±0.07
0.01±0.01
0.3±0.1
4.0±1.0
2.8±0.66
12±2

Insulin
>100
2.8±1.4
1.1±0.3
5.1±2.3
76±12
40±5
70±35
325±88

LE

IR-A/IGF-1R
IGF-1
0.3±0.2
0.01±0.01
0.02±0.006
0.01±0.001
0.5±0.2
4.0±0.5
3.0±0.66
6±3

IGF-2
15+±0.9
nd
0.19±0.04
nd
0.3±0.1
nd
nd
nd

Method
PACA
PACA
SPA
PEG
PACA
BRET
BRET
ELISA

References
Pandini 2002
Slaaby 2006

T
IC

Insulin
3.7±0.9
2.6±1.3
1.1±0.2
4.6±1.9
70±12
60±10
130±41
342±121

Benyoucet 2007
Eugene 2012
Slaaby 2015

A

R

PACA=plate antibody capture assay; SPA=scintillation proximity binding assay; PEG=polyethyleneglycol
precipitation binding assay; BRET= bioluminescnec resonance energy transfer assay; ELISA=enzyme-linked
immunosorbent assay; nd= not determined;
EC50: ligand concentration (nM) required to achieve 50% of maximal receptor activation.

IR isoform
IR-B
IR-B
IR-A
IR-A

N

Muscle/Fat

Fasting
Insulin
IGF-2
+
+
±
+++
±
+++

C

Tissue/Organ
Liver

E

Table 3. Tissue-specific distribution of IR isoforms and their putative activation by either
insulin or IGF-2 during fasting and fed conditions

Brain

Fed
Insulin
IGF-2
+++
+++
+++
+
+++
+

V
A

Symbols indicate the putative relevance of each ligand on the specific IR isoform

Table 4. Molecular alterations of IR isoforms and related components in various tissues and
organs during development and differentiation
Tissue/Organ
Fat

Alterations
IR:IGF-IR
IR:IGF-IR

h-Preadipocytes
h-Mature adipocytes

IR-A
IR-B
IR-A

IR-B

IR-A
IR-B
IR-A
IR-B
IR-B

IR-B
IR-B:IR-A
IR-B
IGF-IR

Brain

r-Epididymal adipocytes during
aging
h-Osteoblast precursors
h-Mature osteoblasts
m-MEC precursors
m-Mature MECs
m-MEC line (HC11) after
differentiation
m-MECs in postnatal development
m-IECs precursors
m-Mature IECs
h-ECs during proliferative phase
h-ECs during secretory phase
m-NCs precursors

Endothelium

m-Lineage restricted NCs
h-HUVEC during normal pregnancy
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Table 2. EC50 values of insulin, IGF-1 and IGF-2 for IR-A/IGF-1R and IR-B/IGF-1R
hybrids

Bone

Breast

Intestine
Endometrium

IR:IGF-IR
IR-A
IR-B
IR-A
IR-B
IR-A:IR-B
IR-A
IR-A
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HRs
IRS-1

HRs
IR-B
IR-A
MBNL2
IR-B
IR-A
IGF-IR
IR-A:IGFIR
IGF-IR

IRS-3

References
Back 2009; Back 2011
Back 2009; Back
2011
Serrano 2005
Avnet 2012
Avnet 2012
Berlato 2009
Berlato 2009
Berlato 2009

CUGBP1

Rowzee 2009
Andres 2013
Andres 2013
Flannery 2016
Flannery 2016
Ziegler 2012
Ziegler 2012
Westermeier 2011
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Thyroid
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h-TCs precursors

IR-A

IR-B

h-TCs after differentiation

IR-B

IR-A

IRA:IR-B
IRA:IR-B

IR:IGFMalaguaranera
IR
2011
IR:IGFMalaguaranera
IR
2011

HRs: hybrid receptors; r: rat; h: human; m:murine; MECs: mammary epithelial cells; IECs:intestinal epithelial
cells; MBNL2: muscleblind-like 2; ECs: endometrial cells; NCs: neural cells; TCs: thyroid cells

Table 5. Alterations of IR isoforms, IGF-IR, and downstream pathways in various cancer
histotypes

Colon Cancer

h-PC specimens

IR-A

h-PC specimens from T2DM
patients
m-EAC

IGF-IR

h-EC specimens,
xenografts,
h-EC cell lines

IR-A:IR-B

PI3K

h-NSCLC specimens

IR-A:IR-B

IR-B

h-NSCLC specimens
h-RA specimens
h-CRC specimens
stem/progenitor intestinal
cells
m-precancerous CA,
h-PDCC cell lines
h-HCC and r-HCC
specimens

IR-A:IR-B

IR-A:IR-B
IR-A
IR:IGF-IR
IR-A:IR-B

V
A
Multiple
Myeloma

IGF-IR:IR
IR-B
IR-A:IR-B
IR-B

IR-B

IGF-IR

MAPK

IR

IR-A:IR-B

Wang 2013

Jiang 2014

Forest 2015
Santoro 2014
Forest 2015
Andres 2013

IGF-IR

Andres 2013

IR-A

ERK

Srp20/SRSF3

IR-A

h-HCC specimens
r-HCC specimens
viral-related h-HCC
specimens and serum

Srp20/SRSF3
IR
IGF-IR

IGF-IR
IGF-1

IGFBP-3
IR-A

Flannery 2016

IGFIR

IR-B

m-HCC specimens

h-MM cell lines

IRS-1/IRS-2

T
IC

IR-A

N

h-HCC cell lines

IR-A:IR-B

C

Liver Cancer

pIR, pS6K

IR

References
Aljada 2015;
Harrington 2012;
Law 2008
Harrington
2012
Cox 2009;
Perks 2016;
Heni 2012
Heni 2012

LE

IGF-IR

IR-B

R

Lung Cancer

h- BC specimens[HR-ER+]

A

Endometrial
Cancer

IR-A

A
D
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Prostate
Cancer

Alterations
IR-A:IR-B

Model
h-BC specimens

E

Histotype
Breast Cancer

IR-A: IR-B

CUGBP1;
hnRNPH;
hnRNPA1;
hnRNPA2B1;
SF2/ASF
IGF-2

IRS-1;IRS-2
IGF-2

IR-B

Chettouh
2013; Spector
1999
Chettouh 2013

Srp20/SRSF
3

Wnt/βcatenin;
c-myc;
EMTgenes;
ERK
ERK

Sen 2015

Sen 2015
Aleem 2011
Kasprzak 2012

IGF-2R/M6PR
Shushanov 2015

r: rat; h: human; m:murine; BC: breast cancers; BC [HR-ER+]: hormone refractory estrogen receptor positive
breast cancer; PC: prostate cancers; EAC: endometrial adenocarcinoma; EC: endometrial carcinoma; NSCLC:
non-small cells lung carcinomas; RA: rectal adenoma; CRC: colonrectal carcinoma; CA: colon adenoma;
PDCC: poor differentiated colorectal cancer; HCC: hepatocellular carcinoma; MM: multiple myeloma;
T2DM:type 2 diabetes mellitus.
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Table 6. IR isoform relative abundance in various conditions with insulin resistance and
hyperinsulinemia
Disorder
Obesity

Model
adipocytes

IR-A:IR-B ratio

Type 2 DM

adipocytes after weight loss
liver

Gestational Diabetes
Myotonic Dystrophy

liver after weight loss only when diabetes remission is present
HUVEC
skeletal muscle

References
Kaminska 2014

Besic 2015
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Desiderable characteristics of a selective IR modulator in diabetic patients
Full glucoregulatory activity
Minimal (or reduced) mitogenic activity
No effect on hypoglycemia
No effect on weight-gain
Long-acting
Different types of IR modulators
Agonists, stimulating selective biological responses
Agonists, active with different time-courses
Agonists, IR isoform specific
Agonist, tissue-specific
Co-activators, increasing the ligand effect (fully or partially)
Antagonists, blocking IR activation (fully or partially)
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Table 7. New insulin receptor ligands and modulators
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Westermeier 2011
Santoro 2013
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