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Figure 6. Kaplan-Meier plots of top cancers with survival outcomes separated by the expression
of IGFBP-3 with a negative correlation (A–C) and a positive correlation (D–F). Unadjusted p-values
are shown.

The TMEM219 survival effect was less significant than that of IGFBP-3 (Figure 5B). Nevertheless,
the lower expression of the TMEM219 gene was associated with survival in kidney renal clear cell
carcinoma (FDR = 2.14·10−3 (HR = 1.85)), glioma (FDR = 1.27·10−2 (HR = 1.56)), lymphoid neoplasm
diffuse large B-cell lymphoma (FDR= 4.110.54)), head and neck squamous cell carcinoma (FDR= 4.17E-2
(HR = 1.43)) and pan-kidney cohort (KICH+KIRC+KIRP) (FDR = 2.76E-1 (HR = 1.2)) (Figure 7A–C).
On the contrary, the higher expression of TMEM219 was better for survival in mesothelioma (FDR =
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2.14E-3 (HR = 0.39)), lower grade glioma (FDR = 9.54E-3 (HR =0.54)), prostate adenocarcinoma (FDR
= 2.02·10−1 (HR = 0.18)), thyroid carcinoma (FDR = 1.332·10−1 (HR = 0.39)) and bladder urothelial
carcinoma (FDR = 9.54·10−3 (HR = 0.61)) (Figure 7D–F).

  
Figure 7. Kaplan-Meier plots of top cancers with survival outcomes separated by the expression of
TMEM219 with a negative correlation (A–C) and a positive correlation (D–F). Unadjusted p-values
are shown.

In addition to the cancer types expected to be affected by the IGFBP-3/TMEM219 system, bladder
urothelial carcinoma and head and neck squamous cell carcinoma appear to be significantly associated
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with TMEM219 but not with IGFBP-3 expression. Higher TMEM219 expression was associated with
better survival in bladder urothelial carcinoma (FDR = 9.54·10−3 (HR = 0.61)), while the reverse was
true for head and neck squamous cell carcinoma (FDR = 4.17·10−2 (HR = 1.43)). On the other hand,
the expression of TMEM219 was not significantly associated with survival in breast cancer, while
IGFBP-3 expression was positively associated with survival outcome (Figure 8). These results indicate
that the effect of TMEM219 expression on survival is less pronounced and highly cancer-specific.

Figure 8. Kaplan-Meier plots of breast cancer cohort with survival outcomes separated by the expression
of IGFBP-3 (A) and TMEM219 (B). Unadjusted p-values are shown.

4.3. Survival Effect of IGFBP-3 and TMEM219 in Clinical Subcategories

By taking advantage of the availability of clinical annotations, survival analysis of the effect of
IGFBP-3 and TMEM219 expression in clinical subgroups, e.g., “race-black or African-American” was
further performed. Similar to all cancer analyses, p-values were corrected for multiple testing across all
tested subgroups in a given cancer. The advantage of such analyses is that they provide detailed insights
into the effect of IGFBP-3 and TMEM219 in different subgroups of patients. The disadvantage is that
some subgroups have an insufficient number of patients, e.g., in the “race-black or African-American”
subgroup, which limits the cross-cancer comparisons.

Given the high significance of IGFBP-3 gene expression on survival outcome in glioma (FDR =
1.51·10−32 (HR= 4.39)), it was unsurprising that IGFBP-3 expression affected survival in nearly all glioma
subgroups (FDR < 2.90·10−2), with lower expression being associated with better survival outcome.
Similarly, all subgroups in lower grade glioma were significantly associated with IGFBP-3 expression,
with lower expression indicative of better survival outcome (FDR < 5.82·10−2). Similar results were
observed for clinical subgroups in mesothelioma, the pan-kidney cohort, rectum adenocarcinoma,
colorectal adenocarcinoma, and colon adenocarcinoma cancers, where low expression of IGFBP-3 was
similarly associated with better survival outcome. These results confirm previous observations that
the expression of IGFBP-3 may affect survival in glioma, mesothelioma, kidney, and colorectal cancers.

Further analyses of the effect of IGFBP-3 and TMEM219 expression in specific clinical subgroups
revealed that kidney renal papillary cell carcinoma is the only cancer where the expression of both
IGFBP-3 and TMEM219 is marginally associated with survival in “race-black or the African-American”
subgroup. Lower IGFBP-3 expression was beneficial for survival (FDR = 5.84·10−2 (HR = 5.12)),
while higher TMEM219 expression was associated with better survival in the “race-black or
African-American” subgroup (FDR = 6.28·10−2 (HR = 0.16)), Figure 9). These results suggest the
importance of the IGFBP-3/TMEM219 system in kidney renal papillary cell carcinoma in the “race-black
or African-American” subgroup.
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Figure 9. Survival effect of IGFBP3 (A) and TMEM219 (B) in “race-black or African-American.” Kidney
renal papillary cell carcinoma. Unadjusted p-values are shown.

4.4. Survival Effect of IGFBP-3 and TMEM219 in Breast Cancer

Since the expression of IGFBP-3 and TMEM219 was not significantly associated with survival
outcome in breast cancer, it is possible that heterogeneity of the disease may prevent the detection
of significant associations. Consequent analysis of the survival effect of IGFBP-3 and TMEM219
in clinical subgroups of the breast cancer cohort revealed that clinical subgroup annotated as
“histological type-Infiltrating Lobular Carcinoma” show marginally significant association of IGFBP-3
(FDR = 2.01·10−1 (HR = 0.36)) and TMEM219 ((3.96·10−2 (HR = 0.25)) with the survival outcome
(Figure 10B,C). For both genes, high expression was associated with a better prognosis. These results
suggest that targeting the IGFBP-3/TMEM219 system in patients diagnosed with infiltrating lobular
carcinoma, which is the second most common type of breast cancer, may be beneficial. Other clinical
subgroups of breast cancer patients included “breast_carcinoma_surgical_procedure_name-Modified
Radical Mastectomy” (IGFBP-3, FDR = 1.26·10−1 (HR = 0.44), Figure 10A),
“lab_proc_her2_neu_immunohistochemistry_receptor_status-Equivocal” (TMEM219, FDR =

3.27·10−1 (HR = 3.29)). Of note were race-specific survival effects with high expression of IGFBP-3
being beneficial in the “race-black or African-American” subgroup (FDR = 2.01·10−1 (HR = 0.42),
Figure 10E) and TMEM219 high expression being beneficial in the “race-Asian” subgroup (FDR =
1.16·10−1 (HR = 0.00), Figure 10D). Confirming our previous observations, the survival benefits of
IGFBP-3 expression in breast cancer were consistently associated with high IGFBP-3 expression, while
the effect of TMEM219 was more diverse and subgroup-specific.
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Figure 10. Survival effect of IGFBP-3 (A,C,E) and TMEM219 (B,D,F) in selected breast cancer subgroups.
Unadjusted p-values are shown.

5. Conclusions

IGFBP-3 is a multifunctional protein and is involved in the pathophysiology of a variety of
human diseases such as cancer, diabetes, fatty liver disease, ischemia, and Alzheimer’s disease. Apart
from the IGF/IGF-IR-dependent actions, IGFBP-3 exerts multiple biological activities through the
IGF/IGF-IR-independent actions by interacting with distinct interacting proteins on the cell surface or
within the cell. Much attention was given to identify a putative receptor for IGFBP-3 since early studies
have demonstrated the anti-tumor function of IGFBP-3 in cancer. As described in this review, a few
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membrane proteins have been identified as “a putative IGFBP-3 receptor” and further characterized
their functions with potential underlying mechanisms in cancer cells. Among them, TMEM219 appears
to be the most critical IGFBP-3 receptor mediating anti-tumor and anti-metastatic activities of IGFBP-3.
Given the fact that IGFBP-3/IGFBP-3R (TMEM219) axis is impaired and shown to have great impact on
the survival outcome in specific cancers, IGFBP-3 and TMEM219 may serve as new diagnostic and
prognostic biomarkers in specific cancers. Importantly, IGFBP-3R (TMEM219) agonists, in particular
TMEM219 agonistic mAbs, are very attractive cancer therapeutics since these agonists would exhibit
no other biological activities of IGFBP-3 induced by the interaction with other binding partners.
Further characterization of specific gene regulation by TMEM219 activation and its crosstalk with
other key signaling pathways will open a new avenue to treat many different types of cancer as a
targeted monotherapy and a combination therapy with other chemotherapies.
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Abstract: The insulin-like growth factor (IGF)-axis was implicated in cancer progression and identified
as a clinically important therapeutic target. Several IGF-I receptor (IGF-IR) targeting drugs including
humanized monoclonal antibodies have advanced to phase II/III clinical trials, but to date, have not
progressed to clinical use, due, at least in part, to interference with insulin receptor signaling and
compensatory signaling by the insulin receptor (IR) isoform A that can bind IGF-II and initiate
mitogenic signaling. Here we briefly review the current state of IGF-targeting biologicals, discuss
some factors that may be responsible for their poor performance in the clinic and outline the stepwise
bioengineering and validation of an IGF-Trap—a novel anti-cancer therapeutic that could bypass
these limitations. The IGF-Trap is a heterotetramer, consisting of the entire extracellular domain of
the IGF-IR fused to the Fc portion of human IgG1. It binds human IGF-I and IGF-II with a three-log
higher affinity than insulin and could inhibit IGF-IR driven cellular functions such as survival,
proliferation and invasion in multiple carcinoma cell models in vitro. In vivo, the IGF-Trap has
favorable pharmacokinetic properties and could markedly reduce metastatic outgrowth of colon and
lung carcinoma cells in the liver, outperforming IGF-IR and ligand-binding monoclonal antibodies.
Moreover, IGF-Trap dose-response profiles correlate with their bio-availability profiles, as measured
by the IGF kinase receptor-activation (KIRA) assay, providing a novel, surrogate biomarker for
drug efficacy. Our studies identify the IGF-Trap as a potent, safe, anti-cancer therapeutic that could
overcome some of the obstacles encountered by IGF-targeting biologicals that have already been
evaluated in clinical settings.

Keywords: IGF-I receptor; signaling; targeted therapeutics; IGF-Trap

1. Background Information

1.1. The Insulin-Like Growth Factor (IGF)-Axis

The IGF-axis consists of two cell surface receptors (IGF-IR and IGF-IIR), the ligands IGF-I and
IGF-II, high affinity binding proteins (IGFBP-1-6) and their proteases (reviewed in [1,2]. IGF-IR shares
a 60% sequence homology with the insulin receptor (IR). It is synthesized as a polypeptide precursor
that undergoes post translational modification (glycosylation, proteolytic cleavage and dimerization)
to form a heterotetramer composed of two α and two β subunits linked by α–α and α–β disulphide
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bonds. The α subunits are extracellular and contain the ligand binding site, while the β subunits
have an extracellular domain, a transmembrane domain and an intracellular portion that contains the
tyrosine kinase domain [3].

Upon ligand binding, the tyrosine kinase domain in the β subunit is activated, inducing a
conformational change that leads to autophosphorylation at Tyr950 that serves as a docking site for
signalling substrates including the insulin receptor substrate (IRS) proteins IRS-1-4, and the activation
of PI3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) and Raf /MEK/ERK signaling. This
leads to regulation of cell survival and protein synthesis on one hand, and gene expression, cellular
proliferation and differentiation, on the other [4,5].

IGF-IR can also translocate to the nucleus in a ligand-dependent manner following SUMOlyation
of three lysine residues on the β-subunit [6]. In the nucleus, IGF-IR can act as a transcriptional
co-activator with LEF/TCF, increasing promoter activity of the downstream target genes cyclin D1
and Axin2, upregulating their expression and promoting cell cycle progression [7]. In several human
malignancies including clear cell renal cancer, colorectal carcinoma and pediatric glioma, nuclear IGF-IR
was associated with advanced disease and adverse prognosis [8–10]. Codony-Servat el al. showed that
in colorectal carcinoma cells treated with IGF-IR-blocking antibodies, nuclear translocation increased,
suggesting that nuclear sequestration of the receptor could contribute to therapy resistance [9].

1.2. Hybrid Receptors and Crosstalk with Other Receptors

Two IR isoforms, IR-A and IR-B, formed by the alternative splicing of exon 11, have been
identified [11]. IR-A is expressed predominantly in embryonic and fetal tissues, in the central nervous
system (CNS) and hematopoietic cells and is frequently upregulated in cancer cells, whereas IR-B is
expressed mainly in the liver, fat and muscle where it binds insulin with high affinity and mediates
its metabolic functions. IR-A can bind IGF-II and insulin with high affinities, and this can initiate
mitogenic signaling and tumorigenesis. RNA sequencing data based on analysis of 6943 samples,
representing 21 tumor types in the Cancer Genome Atlas, revealed IR-A expression in all tumor types
analyzed, and IR-B expression was also detected in many tumor samples. However the IR-A/IR-B
ratio is generally in favor of the IR-A isoform in many cancer types including breast, colon, and lung
carcinomas (extensively reviewed in [11,12].

Since many cancer cells overexpress both the insulin and IGF-I receptors and due to the
high sequence homology between these receptors, hybrid receptors consisting of one insulin αβ

hemi-receptor and one IGF-IR αβ hemi-receptor can also form. The IR-A/IGF-IR hybrids bind insulin
and both IGF-I and IGF-II with similar high affinities, while IR-B/IGF-IR hybrids bind IGF-I with
high affinity, IGF-II with lower affinity and insulin with poor affinity [13]. The specific signaling
and functions of the hybrid receptors remain largely unknown, as they can bind and be activated by
all three ligands. In a study of human breast carcinoma specimens and cell lines, hybrid receptor
levels exceeded those of IGF-IR in a large proportion of specimens and in cultured cells; hybrid
receptor autophosphorylation in response to IGF-I exceeded IGF-IR autophosphorylation and could
initiate growth signaling, suggesting that these receptors could contribute to ligand mediated signal
transduction [14] (reviewed in [15]). In a recent study using inducible chimeric receptors in mammary
carcinoma cells, both IGF-IR and the hybrid receptor were found to induce cell proliferation, but only
IGF-IR had anti-apoptotic effects [16], suggesting that it activates distinct signaling pathways. The high
expression of IR-A in many cancer types and its ability to initiate mitogenic signaling in response to
IGF-II, as well as the presence of signaling-competent hybrid receptors may have been a major factor
in the outcome of clinical trials for IGF-IR targeting antibodies and other inhibitors and has emerged as
a major consideration in the design of IGF-axis targeting drugs.

Furthermore, IGF-IR/IR signaling is part of a complex network of receptor tyrosine kinase
(RTK)-initiated pathways. The IGF-IR crosstalks with several RTKs including the epidermal growth
factor receptor (EGFR), fibroblast growth factor receptor (FGFR), platelet-derived growth factor
receptor (PDGFR) and human epidermal growth factor receptor 2 (HER-2), as well as with the steroid
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hormone receptors, estrogen receptor (ER) and androgen receptor. For example, crosstalk between
ERα and IGF-IR was demonstrated in uterine cells, where IGF-IR signaling could be triggered by
estradiol/ER-mediated induction of IGF-I synthesis in vitro. Conversely, ER transcriptional activity
could be induced by IGF-I, in an estradiol-independent manner and IGF-I-induced ER transcriptional
activity could be induced in the uteri of ovariectomized mice in vivo [17,18]. Crosstalk between
IGF-IR and EGFR and compensatory actions between their signaling pathways have been identified
as potential resistance mechanisms to drugs that target either of these axes. Thus, treatment of head
and neck squamous cell carcinoma and non-small cell lung cancer cells with the fully humanized
anti-IGF-IR monoclonal antibody (MAb), Cixutumumab, induced Akt and mammalian target of
rapamycin (mTOR) activation, resulting in EGFR, Akt1, and survivin synthesis and EGFR pathway
activation. This inter-dependence and compensatory RTK signaling has been identified as another
obstacle to successful therapeutic targeting of the IGF-axis.

1.3. Targeting of the IGF-Axis for Cancer Therapy—The Rational

Increased expression of IGF-IR and/or its ligands has been documented in many human
malignancies such as lung, breast, colon and prostate carcinoma, glioblastoma and melanoma, and high
expression levels were shown to be associated with metastasis, shorter survival and poor prognosis [19],
identifying this axis as a target for cancer therapy. High circulating IGF-I levels were identified as a
predictive factor in several malignancies including lung, breast, colorectal and prostate carcinoma [20],
and thought to contribute to cellular transformation and malignant progression [2]. The important
role of circulating IGF-I in cancer development was demonstrated in vivo using liver-specific-IGF-I
deficient (LID and iLID) mouse models where decreased mammary tumor incidence and progression
and reduced colon adenocarcinoma growth and metastasis were documented [21,22]. This was also
observed in other mouse models of reduced circulating IGF-I levels such as the lit/lit mice that have
only 10% of normal circulating IGF-I levels due to reduced growth hormone (GH) production and in
dw/dw dwarf mice that are deficient in GH and IGF-I production [22,23]. In addition to circulating
IGF-I, tissue IGF-I levels that activate IGF-IR signaling in a paracrine or autocrine fashion were also
shown to contribute to tumorigenesis in both animal models and human studies [24–26]. In a study of
125 primary non-small cell lung cancer compared to benign pulmonary lesions, high IGF-I and IGF-IR
levels were associated with advanced-stage disease and expression of IGF-I correlated with tumor
size and poor outcome [27]. However, in contrast to these findings, tumor IGF-I levels were found
to be associated with better overall survival in studies of prostate and breast cancer tumors [28,29].
This may reflect the dual role of IGF-I as a proliferation and differentiation factor, depending on the
cellular context [29–32]. As these studies were based on immunohistochemical evaluation or gene
expression analyses performed on whole tumor tissue, the precise source of IGF-I in these studies
cannot be definitively identified. The relative contributions of circulating and local IGF-I levels to
malignant progression and the role of IGFBPs in modulating their effects remain an open question
with implications for IGF-targeting and patient stratification [33].

The IGF ligands form complexes with six high-affinity IGFBPs that modulate their half-life and
bioavailability [34]. Lower circulating IGFBP levels were found to be associated with increased risk for
several cancers including premenopausal breast carcinoma, prostate carcinoma, colorectal carcinoma,
lung cancer, endometrial cancer and bladder cancer [2]. The identification of all components of the
axis as contributors to the development of malignant disease has spurred an intensive effort to design
inhibitors and strategies for blockade of IGF-IR signaling. These inhibitors can be broadly divided into
drugs that target the receptor (monoclonal antibodies and small molecule tyrosine kinase inhibitors
(TKI)) and strategies that reduce ligand bioavailability to the cognate receptor. A brief summary of the
experience with these drugs is provided below and in Table 1.
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1.3.1. IGF-Targeting for Cancer Management: The Current Landscape and Overall Clinical Experience

Targeting the IGF-I Receptor

Receptor-specific antibodies: IGF-IR antibodies can inhibit signaling by binding to the extracellular
α subunits, blocking ligand binding and triggering receptor internalization. Several humanized
or fully human neutralizing anti-IGF-IR antibodies have entered clinical trials. Included among
them are cixutumumab (IMC-A12-ImClone, New York, NY, USA), Figitumumab (CP-751,871-Pfizer,
New York, NY, USA), Dalotuzumab (MK-0646; h7C10-Pierre Fabre (Paris, France) and Merck
(Kenilworth, NJ, USA)), ganitumab (AMG 479-Amgen Thousand Oaks, CA, USA), Teprotumumab
(R1507-Genmab (Copenhagen, Denmark) and Roche (Basel, Switzerland)), Robatumumab (SCH 717454,
19D12-ImmunoGen (Waltham, MA, USA) and Sanofi (Paris, France)), Istiratumab (MM141-Merrimack
(Cambridge, MA, USA)), BIIB022 (Biogen (Cambridge, MA, USA)), and AVE1642 (EM164-Biogen,
Cambridge, MA, USA). Unfortunately, the use of most of these drugs in cancer therapy has been
discontinued after several obstacles were identified [43]. IGF-IR blocking drugs could cause insulin
resistance, hyperinsulinemia and mild hyperglycemia [43]. In addition, the therapeutic responses to
the monoclonal antibodies were disappointing, and this was attributed to several potential factors
including: (i) a compensatory feedback mechanism that leads to increased IGF production due to
increased growth hormone release [44], (ii) IR-A signalling that can be initiated by IGF-II (the main
plasma IGF-IR ligand in human) and leads to mitogenic signaling; and (iii) cancer cell resistance due
to activation of compensatory RTK signaling [36,45,46]. Several of the anti-IGF-IR antibodies have
also been tested in combination with chemotherapy or antibodies to other RTKs [47,48]. Despite
pre-clinical data to suggest that these combinations could be effective in targeting resistant tumor
subpopulations [49–56], the results of clinical trials have generally been disappointing, resulting in
termination due to lack of demonstrable efficacy [43,57]. An exception may be teprotumumab that
had a successful phase III clinical trial with thyroid eye diseases and has been U.S. Food and Drug
Administration (FDA)-approved for the treatment of Graves’ disease [58,59]. To address potential
resistance due to activation of other RTKs, bispecific antibodies that target a second kinase have been
generated. These include XGFR, a bispecific anti-IGF-IR/EGFR antibody that showed inhibition of
tumor growth and enhanced immune activation in pancreatic cancer in vivo [39], and Istiratumab
(MM-141) which co-targets IGF-IR and ErbB3. MM-141 was tested in combination with standard of
care (SOC) chemotherapy in a phase II clinical trial for pancreatic cancer, but failed to show a survival
advantage in comparison to SOC alone [60,61]. Of importance, however, are the reports that specific
IGF-targeting drugs were generally well tolerated.

Several small molecule tyrosine kinase inhibitors were also developed to target IGF-IR signaling
including Masoprocol (INSM-18, NDGA–InsMed (Bridgewater Township, NJ, USA)), Linsitinib
(OSI-906–OSI (Farmingdale, NY, USA)), BMS-754807 (BMS (Montreal, QC, Canada)), AXL1717
(Picropodophyllin- Axelar AB (Solna, Sweden)) and XL-228 (Exelixis (Alameda, CA, USA)). A potential
advantage of small TKIs is that they may also inhibit IR-A-initiated signaling due to the high homology
between these receptors. However, this is a double-edged sword, as disruption of IR signaling can have
deleterious effects on glucose metabolism and lead to hyperinsulinemia and hyperglycemia [36,37].
To date, no IGF-IR TKI has advanced to clinical use.

Targeting the IGF-Ligands

An alternative approach to blocking IGF-IR signaling is targeting the ligands to reduce their
bioavailability to the receptor. An advantage of this approach is that while it can inhibit IGF-IR and
IR-A-derived mitogenic signaling, it has no direct effect on insulin-mediated metabolic functions.
Two dual IGF-I/IGF-II neutralizing antibodies, Dusigtumab (MEDI-573-MedImmune, Gaithersburg,
MD, USA) and Xentuzumab (BI-836845-Boehringer-Ingelheim, Ingelheim am Rhein, Germany), have
entered phase I clinical trials [62,63] and had minimal adverse effects. However, the efficacy of
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ligand-neutralizing antibodies may be limited by cell surface expression levels of IGF-IR on the cancer
cells, as they determine maximal ligand binding capacity [41].

IGFBPs are naturally occurring molecules that modulate the bioavailability of IGF ligands.
IGFBP-3, the predominant IGFBP in the circulation can also induce IGF-independent apoptosis by
mediating the pro-apoptotic function of TGFβ, in an IGF-IR independent manner. In addition, IGFBP-3
plays a role in the DNA repair response to DNA-damaging therapy and was shown to co-translocate
to the nucleus of breast cancer cells with EGFR and DNA-dependent protein kinase in response
to DNA damage, to mediate this function [64,65]. Recombinant human rhIGFBP-3 was shown to
potentiate the effect of Herceptin on Herceptin-resistant human breast cancer cells in vitro as well as in
a xenograft model in vivo by reducing Akt and ERK signaling [66] and an exogenously administered
protease-resistant IGFBP-2 was shown to inhibit the growth of breast cancer cells in vitro and in a
xenograft model in vivo [67]. However, to date, IGFBPs have not advanced to clinical testing, possibly
because of their short half-life in vivo.

2. Traps in the Clinic—Advantages and Challenges

An effective strategy for blocking the action of cell surface receptors is the use of soluble decoys
that bind the ligand with high affinity, reducing its bioavailability to the cognate receptor in a
highly specific manner [68–70]. The efficacy of such decoys can be significantly improved by the
addition of an IgG Fc domain resulting in a more stable ligand known as “Trap”. For example,
a soluble tumor necrosis factor (TNF)-α receptor-Fc fusion protein (Etanercept, Enbrel®, approved
in 1998) is currently in routine clinical use for the treatment of inflammatory conditions such as
rheumatoid arthritis [71]; Interleukin (IL)-1-Trap (Rilonacept, Arcalyst®, approved in 2008) is used for
the treatment of cryopyrin-associated periodic syndromes (CAPS) [72], and a VEGFR1/VEGFR2-Fc
decoy (VEGF-TRAP-Aflibercept, Regeneron (Eastview, NY, USA)) was approved for the treatment
of wet macular degeneration under the trade name Eylea and for metastatic colorectal cancer as
Zaltrap [68]. Although the development of IGF-IR decoys for cancer treatment has been reported [73],
to date, none have advanced into clinical use.

To construct high affinity and high efficacy ligand binding Traps, two or more distinct receptor
domains have to be fused to the Fc molecule. This fusion strategy can result in highly potent therapeutic
drugs. For example, Rilonacept was engineered with the extracellular domains of the IL-1 receptor
(IL-1R1) and the IL-1R accessory protein (IL-1-RAcP) fused to the Fc domain of human IgG1, resulting in
a potent (IC50 = 6.5 pM), high affinity (Kd = 1.5 pM) IL-1R antagonist [72,74]. Aflibercept is composed
of the ligand-binding domains of VEGFR1 and VEGFR2 fused to the Fc domain of IgG1 and has a
higher affinity to multiple isoforms of VEGF than the VEGF targeting MAbs. It was consequently
found to be more effective than the MAbs Ranibizumab and Bevacizumab in patients with marked loss
of visual acuity [75], and a superior inhibitor of angiogenesis in a model of neuroblastoma, where it
caused regression of coopted vascular structures at high doses [76]. Recently, an Fc-fusion EGFR decoy
comprising the truncated extracellular domains of EGFR/ErbB-1 and ErbB-4 fused to Fc was shown to
have high-affinity ligand binding to EGF-like growth factors and could inhibit the invasive growth
and metastasis of mammary carcinoma cells [77].

An advantage of Fc fusion proteins is their increased stability and extended half-life in vivo that
is mediated primarily through their binding to the neonatal Fc receptor (FcRn) and their reduced renal
elimination [78]. This increase in half-life reduces the dosing frequency and immunogenicity of the
fusion proteins with clear clinical benefits. This was shown for both Etanercept [75,79] in the treatment
of rheumatic diseases and for Aflibercept in the treatment of age-related macular degeneration [75].
Other advantages conferred by the Fc portion of Trap proteins, particularly in the context of cancer
treatment, are their ability to trigger antibody-dependent cell-mediated cytotoxicity (ADCC) and
antibody-dependent cell-mediated phagocytosis through Fc binding to Fc-gamma receptors (FcγRs) [80],
and the activation of complement-dependent cytotoxicity (CDC) by the binding of complement C1q,
leading to tumor cell killing [81,82].
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The development of Fc-based therapeutics can be challenging. In order to improve recombinant
protein expression, protein folding and protein stability, various modifications to the protein are
required that can result in undesirable consequences such as altered protein–protein interactions, high
molecular weight complex formation and aggregation, resulting in decreased bioactivity and increased
risk of immunogenicity [83]. For example, removal of terminal carbohydrate moieties is an efficient
way to eliminate undesired effector functions, but de-glycosylation can lead to instability and protein
aggregation [84]. Moreover, even small changes in the amino acid sequence can have a considerable
effect on the stability and safety profile of a drug [83]. The rapid emergence of technologies for protein
engineering and modification will necessitate careful assessment of the risk/benefit profile, before they
are transitioned to clinical use.

3. The IGF-Trap—A Stepwise Bioengineering Venture

3.1. IGF-IR Decoys-Background Information

The identification of the IGF-axis as a target in cancer therapy has spurred many attempts to inhibit
this axis through nucleic acid-based and protein-engineering strategies (Table 1). One early approach
was the development, by several groups, of IGF-IR decoys that when secreted by the cancer cells,
reduce ligand bioavailability to the cognate receptor and act as dominant negative receptor mutants.
The Baserga group was first to report that transfection of a 486 amino acid (486/stop) truncated receptor
into rat glioma C6 cells and subsequently, into human metastatic breast cancer MDA-MB-435 cells,
resulted in the secretion of this receptor into the conditioned medium, inhibiting cancer cell invasion,
increasing apoptosis and reducing colony formation in vitro. C6 cells expressing this decoy had
reduced tumorigenesis in vivo, while MDA-MB-435 cells had reduced metastasis [73,85]. Sachdev et al.
subsequently reported on the production of a C-terminal-truncated 262 bp IGF-IR decoy that retained
the ligand binding domain but lacked the autophosphorylated tyrosine residues in the carboxyl
terminus. They showed that LCC6 cells—a metastatic variant of breast carcinoma MDA-MB-435
cells—transfected with this truncated receptor lost their motility in response to IGF-I and the ability
to metastasize in a xenograft model [86]. Min et al. analyzed the effects of two decoys of 482 and
950 amino acids in a xenograft model of human gastric cancer. Consistent with the above studies,
they found that expression of these decoys suppressed tumorigenicity in vitro and in vivo, blocked
ligand-induced Akt-1 activation and markedly increased the sensitivity of the cells to radiation and
chemotherapy-induced apoptosis [87].

3.2. The Incremental Production/Validation Process for an IGF-Trap

Our laboratory used a stepwise approach to engineer an IGF-Trap with potent growth inhibitory
activity against multiple aggressive carcinomas. Initially a truncated (t) IGF-IR was engineered
consisting of the first 933 amino acids and spanning the entire extracellular domain of the native
receptor (IGF-IR933). This truncated receptor was expressed in highly metastatic murine lung carcinoma
H-59 cells. We confirmed that these cells produced and secreted into the medium a (βt–α–α–βt)
heterotetramer that neutralized exogenously added IGF-I and inhibited IGF-I-induced signaling and
IGF-IR-mediated proliferation, invasion, and apoptosis resistance. Expression of this truncated receptor
had a dramatic effect on the metastatic potential of H-59 cells, reducing hepatic metastases by 90%
following their intrasplenic/portal inoculation and significantly extending the long-term, disease-free
survival of the mice (Figure 1) [88]. These results identified the IGFIR933 as a potent anti-tumorigenic
and anti-metastatic agent with potential applications for cancer therapy and prompted us to begin
exploring the translational potential of this decoy as a biological therapeutic. Initially, two cell and gene
therapy strategies were used. Namely, we genetically engineered autologous bone marrow stromal cells
stably secreting the IGF-IR933 decoy and implanted them subcutaneously into mice to achieve sustained
production of this decoy in vivo [89]. We confirmed that these cells were able to generate high plasma
levels of sIGFIR for at least three weeks, with a longer duration in athymic nude mice, suggestive of
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immune-based elimination of the stromal cells in immunocompetent mice [89]. In mice implanted
with IGF-IR933-producing stromal cells, a marked reduction in experimental hepatic metastases of
colon and lung carcinoma cells was observed (Figure 2). Moreover, in hepatic micro-metastases,
a significant reduction in intra-lesional angiogenesis and an increase in tumor cell apoptosis were
seen, suggesting that the IGF-IR decoy impeded early events in the process of liver metastasis. The
results showed that sustained delivery of a soluble IGF-IR decoy was highly effective in preventing
the expansion of liver metastases. This was also confirmed when a second approach was used,
namely when a gutless adenovirus expressing sIGFIR was injected into mice intravenously, leading to
production of measurable sIGFIR plasma levels for up to 21 days and resulting in significant inhibition
of experimental liver metastasis [90].

Figure 1. Loss of metastatic potential in lung carcinoma cells expressing a soluble IGF-IR decoy
(IGFIR933). Lewis lung carcinoma subline H-59 cells were transduced with retroparticles expressing the
truncated 933 aa IGF-IR decoy (H-59/IGFIR933) or GFP only (H-59/GFP) and 105 tumor cells injected
into syngeneic C57Bl/6 female mice via the intrasplenic/portal route to generate experimental liver
metastases. Mice were sacrificed and visible metastases enumerated 14 days later. Shown in (A) (top)
are the median numbers of metastases (and range) per liver based on eight animals per group in two
separate experiments. Liver weights (means ± SD) are shown on the right, and representative livers
from experiment (Exp.) 2 are shown on the bottom. Shown in (B) are survival data for mice inoculated
in a similar manner (p < 0.0002) and in (C) terminal deoxynucleotidyl transferase (Tdt)-mediated nick
end labeling (TUNEL) assay (top) and Ki-67 staining (bottom) performed on liver (L) cryostat sections
prepared 5 days post tumor (T) injection (Mag. X135). Reproduced from [88].

Having observed marked reductions in experimental liver metastases in mice with sustained high
plasma levels of an IGF-IR decoy, and in an effort to expedite potential translation of this technology
to the clinic, we used recombinant technology to engineer and scale-up production of an IGF-Trap
with potent anti-cancer activity. This was achieved in a two-stage process. Initially, we generated
the soluble receptor decoy expressed in CHO cells downstream of a cumate-inducible promoter,
using lentivirus particles. CHO cell clones identified as high producers were expanded and protein
production initiated by the addition of 1 mg/mL cumate followed by a 7–8-day incubation, before the
soluble protein was harvested and a stepwise purification of sIGF-IR performed. High binding affinity
of the recombinant protein for hIGF-I and a 103-fold lower affinity for insulin were confirmed by
surface plasmon resonance (SPR) and the biological activity of this protein was assessed and validated
in multiple functional assays including IGF-initiated proliferation, invasion, anchorage independent
growth and anoikis [91].
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Figure 2. Bone marrow stromal cells producing a soluble IGF-IR inhibit experimental hepatic metastasis
of lung and colon carcinoma. Syngeneic female C57Bl/6 (A and C) or nude (B and D) mice were
implanted with 107 genetically engineered marrow-derived stromal cells (MSCs) expressing sIGFIR
(MSCsIGFIR) or control MSC (MSCGFP) embedded in Matrigel. Fourteen days later (A–D), the mice
were inoculated via the intrasplenic/portal route with 105 H-59 (A and B), 5 × 104 murine colon
carcinoma MC-38 (C) or 106 human colon carcinoma KM12SM (D) cells. Mice were euthanized and
liver metastases enumerated 14–16 (A), 18 (C) or 21 (D) days after or imaged using the IVIS 100 Xenogen
15 days (B) post tumor inoculation. Shown in (A) are the pooled data of three and in (B–D) individual
experiments. Results of optical imaging are shown in (B). ** p < 0.01, *** p < 0.001, as determined by the
non-parametric Mann–Whitney test. Reproduced from [89].

In order to improve the pharmacokinetic and potential therapeutic properties of this soluble
receptor, thereby optimizing it for clinical translation, we then generated a sIGFIR–hFc–IgG1 fusion
protein—the IGF-Trap—that was produced in CHO cells using a similar production/scale-up strategy
(Figure 3). We found that the addition of the Fc fragment did not alter the individual binding kinetics or
overall affinity of the recombinant protein. The IGF-Trap bound hIGF-I with highest affinity and hIGF-II
and murine IGF-I with moderately lower affinities, and had a three-log weaker affinity for insulin,
confirming the high affinity and specificity of the IGF-Trap and a binding profile consistent with that
observed with the cognate cell surface receptor [91]. Similar to sIGFIR, the IGF-Trap inhibited IGF-IR
signaling and IGF-I and IGF-II- regulated cellular functions in several carcinoma cell types including
breast, lung and colon carcinoma cells in vitro. It had a favorable pharmacokinetic profile in vivo with
a half-life of 47.5 h as compared to 21.9 h for sIGFIR, confirming that the addition of the two Fc domains
improved the stability of this protein in vivo [91]. Moreover, IGF-Trap treatment inhibited the growth
of human and murine breast carcinoma cells and markedly reduced experimental liver metastasis of
colon and lung carcinoma in vivo (representative data shown in Figure 3). Interestingly, we found that
the IGF-Trap had superior therapeutic efficacy to an anti-IGF-IR antibody or IGF-binding protein-1
when used at similar or higher concentrations in a human breast cancer model and experimental
murine colon cancer metastasis assays, respectively.
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Figure 3. The IGF-Trap inhibits the orthotopic growth of mammary carcinoma and liver metastasis of
colon carcinoma cells. Balb/c (B and C) or C57Bl/6 (D and E) mice were injected into the mammary fat
pad (MFP) with 5 × 104 4T1 cells (B and C) or via the intrasplenic/portal route with 5 × 104 MC-38 cells
(D and E). IGF-Trap injections were administered i.v. to 4T1 injected mice 4 h and 3, 6 and 10 days
(arrows) post tumor inoculation (10 mg/kg for the first 2 injections and 5 mg/kg subsequently) and to
MC-38 injected mice, 24 h and 4 and 7 days post tumor inoculation. Shown in (A) is a diagrammatic
representation of the 2nd generation IGF-Trap. Shown in (B) are mean tumor volumes (±SD) and in (C)
a Kaplan–Meier survival curve (p < 0.01 using Mantel-Cox or Gehan-Breslow-Wilcoxon Tests). Local
MFP tumors grew rapidly in all untreated mice, causing morbidity by day 14, while in the treated mice,
tumor growth was seen only after cessation of treatment. Shown in (D) are the numbers of visible liver
metastases enumerated 18 days post tumor injection. Bars (and numbers) denote medians. Shown in
(E) are representative hematoxylin and eosin-stained, formalin-fixed and paraffin-embedded sections
obtained from different livers of MC-38-injected mice (magnification ×20; inset ×400). T: tumor; L: liver;
* p < 0.05; ** p < 0.01. Reproduced from [91].

3.3. A 3rd Generation IGF-Trap—Properties, Bioactivity and Challenges

A problem frequently encountered with Fc-fusion proteins is the formation of
high-molecular-weight (HMW) complexes due to oligomerization by irregular disulfide bonding
between adjacent Fc fragments [92,93]. The IGF-Trap is a tetramer with two β subunits, each fused
to one Fc domain of IgG1, and this proximity of adjacent FC domains lends itself to undesirable
disulfide bonding and large complex formation. Indeed, we documented HMW protein species that
migrated at the > 400 kDa range in the IGF-Trap preparations. We showed that these HMW species
did not contribute significantly to the biologic activity of the Trap and could be minimized by step
elution following Protein-A column purification [91]. In an effort to further improve the purity and
manufacturability of the IGF-Trap, we therefore re-engineered the parent protein to eliminate such
aberrant disulfide bonding by cysteine-to-serine substitutions in the hinge region of the human IgG1 Fc
fragment, as well as by incorporating a longer and more flexible linker between the IGF-IR ectodomain
and the Fc domain. Four different modified Traps were produced, and two were selected for further
evaluation, based on a polyacrylamide gel profile that confirmed the elimination of HMW species
in these preparations. We found that the IGF-Trap in which Cys-Ser substitutions in the Fc hinge
region were combined with the addition of a flexible linker (IGF-Trap 3.3) had a considerably improved
pharmacokinetic profile with a marked increase in the area under the serum concentration-time curve.
Moreover, this IGF-Trap had an enhanced therapeutic profile, as evaluated in an experimental colon
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carcinoma liver metastasis model and was superior to a ligand binding antibody used under the same
conditions (Figure 4). This indicated that depletion of HMW species and the increased stability also
improved the pharmacodynamic properties of the Trap.

The IGF kinase-receptor-activation (KIRA) assay measures ligand bioavailability by quantifying
phosphorylated IGF-I receptor levels. While traditional end-point bioassays measure downstream
effects of IGF-IR activation such as cell proliferation and survival, the KIRA assay is based on
measuring receptor activation per se, thereby avoiding errors due to detection of other confounding
signaling pathways. Moreover, naturally occurring IGFBPs and proteases in the circulation affect
the bioavailability/bioactivity of IGF-I. While immune-based approaches such as enzyme linked
immunoassays (ELISA) measure both total (BP-bound) and free ligand, the two-step KIRA assay
provides a more accurate measure of bioactive ligands [94–97]. Using the KIRA assay, we found that
IGF-I serum bioavailability correlated well with the IGF-Trap pharmacokinetic/pharmacodynamic
profile, providing a novel, surrogate marker for its therapeutic efficacy [98].

Figure 4. Cysteine-serine substitutions in the Fc domain of the IGF-Trap reduce high-molecular-weight
(HMW) oligomers and improve pharmacodynamic properties. Shown in (A) is a schematic
representation of the modifications engineered in the parent (2nd generation) IGF-Trap and in (B) results
of SDS-PAGE performed on purified parental or modified IGFIR-hFc-IgG1 proteins, using denaturing
and non-reducing condition. Lanes: 1—parent IGF-Trap; 2—IGF-Trap 3.1; 3—IGF-Trap 3.2; 4—IGF-Trap
3.3; 5—IGF-Trap 3.4; 6—HMW protein standard (Invitrogen). Shown in (C) is the number of metastases
enumerated in individual livers in three different experiments where mice were inoculated via the
intrasplenic/portal route with 5× 104 MC-38 cells, treated with IGF-Trap 3.3 at the indicated doses from
day 1 and thereafter twice weekly, for a total of 5 injections and sacrificed 16–18 days later. The total
number of mice per treatment group is indicated on the top. Shown in (D) are results of a separate
experiment where one group of mice was treated with 1 mg/kg of the anti-ligand MAb MEDI-573.
Horizontal bars denote medians. NT: non-treated. * p < 0.05, ** p < 0.01, *** p < 0.005, **** p < 0.001,
as assessed by the non-parametric Mann–Whitney test. Reproduced from [98].
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4. Targeting the IGF-IR in the Tumor Microenvironment

4.1. IGF-IR Is Expressed on Immune Cells and Plays a Role in Immunosuppression

The major immune cell subtypes (i.e., T and B lymphocytes), myeloid derived mononuclear
cells and NK cells express the IGF-IR and are responsive to IGF ligands [99]. Although complex,
there is compelling evidence that within a tumor microenvironment (TME), the IGF axis promotes
an anti-inflammatory, immunosuppressive response that enables cancer expansion. Thus, IGF-I
was shown to negatively regulate DC activation, impair their antigen-presenting function [100]
and stimulate the proliferation of immunosuppressive regulatory T cells (Treg) [101,102]. IGF-IR
activation was also linked to macrophage polarization to the pro-tumorigenic M2 phenotype [103,104].
Treatment of DC with the IGF inhibitor NVP-AEW541 restored DC-mediated antigen presentation
and anti-tumor immunity [105]. A deficit in IGF-I signaling in macrophages was associated with a
decreased capacity to induce the M2 state and an increased responsiveness to the pro-inflammatory
cytokine IFNγ [104]. Moreover, the inhibitor NT157 that targets both the IGF-IR and STAT3 inhibited
expression of pro-tumorigenic cytokines, chemokines and growth factors including IL-6, CCL2, CCL5
and TGFβ [106]. IGF-I was also shown to play a role in the survival of neutrophils by blocking
Fas-mediated apoptosis [99]. Of interest, in patients treated with a MAb to IGF-IR (AMG 479),
high levels of antibody binding to neutrophils were documented [107]. Finally, IGF-I may also play a
role in the tumor-promoting effect of myeloid derived suppressor cells (MDSC) [108]. Collectively,
these studies identify the IGF axis as a contributor to a pro-tumorigenic TME, suggesting that in
addition to their direct positive effect on tumor cell survival and proliferation, the IGFs also potentiate
escape mechanisms from immune-mediated tumor cell destruction.

4.2. Multiple Effects of the IGF-Trap on the Tumor Microenvironment

In addition to directly targeting IGF-signaling in the cancer cells, the IGF-Trap also had indirect
effects on metastatic expansion by targeting the pro-metastatic microenvironment of the liver. As shown
above, treatment with the IGF-Trap inhibited neovascularization in the early stages of metastases [91],
suggesting that it affected endothelial cell migration and/or proliferation. Moreover, we have shown
that IGF-I regulates hepatic stellate cell (HSC) activation in both cancer metastasis and cancer-free
(CCl4-induced liver injury) models, and the IGF-Trap caused a significant reduction in HSC activation
in response to metastatic colon cancer cells [109]. When analyzing neutrophil phenotypes in a colon
cancer liver metastasis model, we also observed a reduction in CXCL4high/ICAM-1low N2 polarized
neutrophils in IGF-Trap treated mice that may potentially be mediated through regulation of TGFβ
expression levels [110]. Finally, we have shown that IGF signaling regulates type IV collagen production
in metastatic cancer cells, thereby promoting their growth in the liver [111,112]. Given the critical role
that the extracellular matrix (ECM) plays in the TME [113], the IGF-Trap may therefore also impede
metastatic expansion in this organ by altering the tumor-associated ECM. Thus, the IGF-Trap can
have a multi-pronged effect on metastatic expansion, particularly in the liver, by impeding cancer cell
proliferation, while also rendering the TME less hospitable to their expansion.

4.3. Future Prospective: The Case for Combinatorial Therapy with the IGF-Trap

The TME in primary or secondary sites can either promote or suppress the progression of malignant
disease. The nature of the immune response engendered within the TME is a major factor determining
the balance between these opposing outcomes [114–117]. Recent advances in immunotherapy, based
on targeting immune checkpoints such as PD-1 and CTLA-4 have yielded promising therapeutic
results in several aggressive and treatment-refractory cancers such as malignant melanoma, small
cell lung cancer and renal cell carcinoma [118–120]. To date, however, immunotherapy has failed to
show promise in the treatment of malignancies such as colorectal carcinoma and pancreatic ductal
adenocarcinoma that metastasize to the liver [121,122]. This may be due, at least in part, to the presence
of immunosuppressive cells such MDSC and M2 macrophages that impede T cell mediated cytotoxicity.
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Thus, therapeutic approaches that can target an immunosuppressive TME and enhance the efficacy
of immunotherapy are currently being sought [122,123]. As reviewed above, the major innate and
adaptive immune cell subtypes express IGF-IR and are responsive to IGF ligands [99]. Although the
role of IGF-IR in the development and function of immune cells is complex, there is compelling
evidence that within the TME, the IGF axis promotes an anti-inflammatory, immunosuppressive
response that enables cancer expansion. Thus, IGF targeting was shown to alter the tumor immune
ME in colon cancer, reducing anti-inflammatory cytokines [106] and our own data identified IGF-IR on
neutrophils and HSCs as a contributor to liver metastasis [109,110]. Collectively, these data provide a
compelling rationale for combinatorial immunotherapy using immune checkpoint inhibitors together
with IGF-targeting drugs. These combinations may be particularly effective for malignancies of the
gastrointestinal track that metastasize to the liver, an organ with an innate immune hyporeactivity
and the site of IGF-I production. Our bio-distribution studies have identified the liver as a major site
for IGF-Trap accumulation, possibly due to the high local level of IGF-I [98]. This suggests that the
IGF-Trap may be particularly well suited for combinatorial immunotherapy in liver-metastatic diseases.

5. Conclusions

Clinical trials with IGF-targeting biologicals exposed several obstacles to their successful use in
cancer therapy. Due to the homology and crosstalk between IGF-IR and IR, several inhibitors of IGF-IR
signaling (including tyrosine kinase inhibitors) were found to also disrupt IR signaling, resulting in
undesirable side effects such as hyperinsulinemia and hyperglycemia. The responses to more specific
drugs, such as anti-IGF-IR antibodies, were also disappointing, and this has been attributed to several
potential factors, including increased GH release, IGF-II/IR-A signaling, rescue signaling by alternate
RTKs and increased IGF-IR nuclear translocation. Recently it was proposed that IGF-IR targeting by
antibodies or kinase inhibitors may result in alternative, kinase-independent ERK signaling mediated
via recruitment of interacting proteins such as β-arrestins, limiting the effectiveness of these inhibitors
(reviewed in [124,125]).

The IGF-Trap offers key advantages over receptor targeting antibodies and small-molecule
inhibitors. With high specificity for IGF-I and IGF-II, and poor affinity for insulin, the deleterious
effects on the physiological functions of insulin can be minimized. Since the IGF-Trap binds circulating
ligands, penetration and diffusion into solid tumors are not major obstacles to efficacy, although uptake
at the tumor site, if achieved, could have the added benefit of neutralizing locally produced ligands.
Moreover, the high binding affinity of the IGF-Trap for IGF-II should reduce IGF-II bioavailability
for IR-A activation, bypassing one of the major resistance mechanisms to IGF-IR targeting drugs.
In addition, the potential of anti-IGF-IR antibodies to act as natural agonists and activate alternate
IGF-IR signaling can be circumvented with the use of an IGF-Trap [125], and targeting of the ligands
rather than a cell surface receptor should minimize non-desirable side effects due to antibody-dependent
cellular cytotoxicity (ADCC) that can be mediated by the Fc portion of cell bound antibodies [126].
Finally, our evidence suggests that the IGF-Trap, by reducing ligand bioavailability can target several
components of the tumor microenvironment, further enhancing its inhibitory activity on tumor cell
growth. Having established the utility of the KIRA for monitoring IGF-Trap efficacy in vivo, our
data suggest that it could provide a surrogate marker for response evaluation and a potential tool
for patient stratification. Collectively, there is therefore a compelling rationale for transitioning this
technology to the clinic for treatment of malignant disease, either alone or in combination with other
treatment modalities.
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Abstract: Insulin-like growth factor-I (IGF-I) and insulin-like growth factor-II (IGF-II) play a crucial
factor in the growth, differentiation and survival of cells in health and disease. IGF-I and IGF-II
primarily activate the IGF-I receptor (IGF-IR), which is present on the cell surface. Activation of the
IGF-IR stimulates multiple pathways which finally results in multiple biological effects in a variety of
tissues and cells. In addition, activation of the IGF-IR has been found to be essential for the growth of
cancers. The conventional view in the past was that the IGF-IR was exclusively a tyrosine kinase
receptor and that phosphorylation of tyrosine residues, after binding of IGF-I to the IGF-IR, started a
cascade of post-receptor events. Recent research has shown that this view was too simplistic. It has
been found that the IGF-IR also has kinase-independent functions and may even emit signals in the
unoccupied state through some yet-to-be-defined non-canonical pathways. The IGF-IR may further
form hybrids with the insulin receptors but also with receptor tyrosine kinases (RTKs) outside the
insulin-IGF system. In addition, the IGF-IR has extensive cross-talk with many other receptor tyrosine
kinases and their downstream effectors. Moreover, there is now emerging evidence that the IGF-IR
utilizes parts of the G-protein coupled receptor (GPCR) pathways: the IGF-IR can be considered as
a functional RTK/GPCR hybrid, which integrates the kinase signaling with some IGF-IR mediated
canonical GPCR characteristics. Like the classical GPCRs the IGF-IR can also show homologous and
heterologous desensitization. Recently, it has been found that after activation by a ligand, the IGF-IR
may be translocated into the nucleus and function as a transcriptional cofactor. Thus, in recent years,
it has become clear that the IGF-IR signaling pathways are much more complex than first thought.
Therefore a big challenge for the (near) future will be how all the new knowledge about IGF-IR
signaling can be translated into the clinical practice and improve diagnosis and treatment of diseases.

Keywords: IGF-I; IGF-II; insulin; IGF-IR; IRs; tyrosine kinase receptor; GPCRs; hybrids;
phosphorylation; G-proteins; β-arrestins; functional RTK/GPCR hybrid; nuclear translocation

1. Introduction

The insulin-IGF system is formed by insulin, two insulin-like growth factors (IGF-I and IGF-II),
four cell-membrane receptors (insulin receptor-A (IR-A), insulin receptor-B (IR-B), insulin-like growth
factor-I receptor (IGF-IR) and insulin-like growth factor receptor-II (IGF-II-R)) and six IGF-binding
proteins (IGFBP-1-6), several IGFBP- related proteins and IGFBP proteases [1–4]. All IGFBPs can bind
both IGF-I and IGF-II (however with different binding affinity for some) [5]. Only the unbound forms
of IGFs are thought to interact with the IGF-IR and the IGF-II receptor [6].

The IGF-I gene comprises a highly conserved sequence and contains six exons, which give rise
to heterogeneous mRNA transcripts by a combination of multiple transcription initiation sites and
alternative splicing [7]. These multiple transcripts code in humans for different precursor IGF-I
polypeptides, namely the IGF-IEa, IGF-IEb and IGF-IEc isoforms, which also undergo posttranslational
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modifications, such as proteolytic processing and glycosylation [7]. Differential biological activities have
been reported for the different IGF-I isoforms and thus both common and unique or complementary
pathways exist for the IGF-I isoforms to promote biological effects [7].

As IGFs and insulin as well as the IGF-IR and the IRs share high sequence homology, they
are able to bind and activate each other’s cognate receptors but with considerably lower avidity.
The IGF-IR can bind IGF-I and IGF-II with equally high affinity (10−10 M) whereas its affinity
for insulin (10−8 M) is much lower [8]. In the past it was thought that the IGFs and the IGF-IR
predominantly mediated growth-promoting effects whereas insulin and the IRs predominantly
mediated metabolic effects [9,10]. However, in certain circumstances IGF-I and insulin can mediate
very similar responses [11]. Nevertheless, IGF-I and IGF-II play a crucial factor in the regulation of
growth, proliferation, differentiation, migration and survival of cells. In addition, activation of IGF-IR
and its intracellular pathways has been found to be essential for growth of cancers [12].

IGF-IIR regulates the amount of circulating and tissue IGF-II by transporting IGF-II into the cell
and degrading it [13]. IGF-II can also bind to the IGF-IR with high affinity [13].

Due to alternative splicing of exon 11 of the IR gene, two IR transcripts are generated in the human
body: IR-A (lacking exon 11) and IR-B (with exon 11) [14–16]. The IR-A is predominantly expressed in
fetal tissues, the central nervous system, hematopoietic cells and in cancer tissues [14]. The IR-B is
predominantly expressed in the liver, muscles and fat cells, the major target tissues for the metabolic
effects of insulin [14]. The binding of insulin to IR-B will mainly induce metabolic effects (glucose
uptake, glycogen synthesis, glycolysis and fatty acid synthesis) in liver, muscles and adipocytes [14].
Binding of insulin to the IR-A will predominantly induce growth-promoting effects in fetal tissues and
tumors. In contrast to IR-B, the IR-A may also bind IGF-II with high affinity and thereby stimulate
growth-promoting effects [14].

Although the liver is the main producer of the circulating IGFs, the IGFs are synthesized in almost
all tissues of the body [3].

The Insulin-like Growth Factor Binding Proteins (IGFBPs) are a family of six proteins with high
affinity for the IGFs. They are widely expressed in most tissues and are flexible endocrine and
autocrine/paracrine regulators of IGF activity, which is essential for this important physiological
system [3]. IGFBPs may affect cells in both an IGF-dependent and -independent manner [5]. Although
IGFBPs often inhibit IGF actions in many circumstances, in some conditions they may also potentiate
IGF actions [5].

2. IGF-I and the IGF-I Receptor

The IGF-IR is displayed on the cell surface and expressed by nearly all human tissues and cell
types [5,9,17]. Surface density of the IGF-IR represents an important determinant of the magnitude
of responses to IGF-I and the signaling pattern it provokes [18]. The IGF-IR is a heterotetrameric
transmembrane protein composed of two alpha and two beta subunits which are linked by disulfide
bonds [19,20]. The beta subunit of the IGF-IR consists of a short extracellular domain which is involved
in linkage to the alpha subunits, a transmembrane domain and a cytoplasmic domain containing
tyrosine kinase activity [21]. The beta subunit contains a consensus ATP-binding sequence and multiple
tyrosine residues that are phosphorylated following ligand binding to the alpha subunit [21]. Binding
of IGF-I or another ligand to the alpha subunit of the IGF-IR, induces a closer proximity of regions
within the transmembrane domain resulting in autophosphorylation of three intracellular tyrosine
residues (Tyr1131, Tyr1135, and Tyr1136) within the beta subunit [21–23].

The conventional view was that the IGF-IR was exclusively a tyrosine kinase receptor and that
the binding of IGF-I to the IGF-IR was essential to start the intracellular downstream signal cascade
(Figure 1). In this model, the activated receptor recruited and phosphorylated intracellularly substrates
as the insulin receptor substrate proteins (IRSs) and SH2 containing collagen-related proteins (SHC)
(Figure 1). Tyrosine phosphorylation of the IRSs in turn activated then the phosphatidylinositol
3-kinase (PI3K-Akt) pathway and its various biological responses, while tyrosine phosphorylation
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of SHC induced downstream signaling activation through the Ras/Raf/MEK/Erk pathway [24,25]
(Figure 1).

Figure 1. The Insulin-like Growth Factor-I (IGF-IR) is a transmembrane protein composed of two alpha
(α) and two beta (β) subunits. The conventional view was that the IGF-IR was exclusively a tyrosine
kinase receptor and that the binding of IGF-I to the IGF-IR started the intracellular downstream signal
cascade. In this model IGF-I or IGF-II binding to the IGF-IR promotes tyrosine kinase activity and
autophosporylation of the beta subunit of the IGF-IR. Intracellularly the activated IGF-IR receptor recruits
phosphorylated substrates Insulin receptor substrates (IRSs) and SH2 containing collagen-related
proteins (SHC). Tyrosine phosphorylation of IRSs and SHC proteins induces downstream signaling
activation through the PI3K-AKT and Ras/Raf/MEK/Erk pathways. It was further thought that
activation of the PI3K-AKT pathway had predominantly metabolic effects whereas activation of the
Ras/Raf/MEK/Erk pathway had predominantly mitogenic effects.

3. The IGF-IR and Endocytosis

Many signaling receptors internalize via clathrin-coated pits [26]. Endocytosis of signaling
receptors is widely recognized to confer control on cellular signaling responsiveness [27].
Ligand-induced activation typically increases receptor endocytic rate, and internalized receptors
engage molecular sorting machineries that specify subsequent transport via divergent lysosomal
and recycling routes [27]. These events, in turn, determine the degree to which cellular ligand
responsiveness is attenuated (“down-regulated”) or sustained (“re-sensitized”) under conditions of
prolonged or repeated ligand exposure [27].

The molecular basis for the close interactions between IGF-IR endocytosis and its signaling
components is still poorly understood. Recently, it has been suggested that the ability of insulin
receptor substrate-1 (IRS-1) to interact with the clathrin adapter protein AP2, which is essential for
endocytosis, plays an important role in IGF-IR internalization [28]. Overexpression of IRS-I resulted in
the accumulation of activated IGF-IR at the cellular membrane [28]. Conversely, knockdown of IRS-I
induced faster internalization of IGF-IRs [28]. These data suggest that IRS-1 inhibits the recruitment of
IGF-IR into clathrin-coated structures; the ability of IRS-I to bind to AP-2 avoids rapid endocytosis of
the IGF-IR and prolongs its activity at the cell surface in HEK293T cells [28] (Figure 2A). In contrast,
accelerating IGF-IR endocytosis via IRS-1 depletion induces the shift from sustained to transient Akt
signaling [28] (Figure 2B). Thus, independent of its classic role as an adaptor in IGF-I receptor signaling,
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IRS-1 has a role as an endocytic regulator of IGF-I receptor that ensures sustained IGF bioactivity, while
IRS-1 degradation could be a trigger to internalize the IGF-IR [29].

Figure 2. Proposed role of Insulin receptor substrate-1 (IRS-1). IRS-1 modulates how long
ligand-activated IGF-IR remains at the cell surface before undergoing endocytosis in mammalian cells.
IRS-1 interacts with the clathrin adaptor complex AP2. (A) In the presence of the IRS-1/AP2-complex in
the cell IGF-IR endocytosis after the ligand stimulation is delayed. Mechanistically, IRS-1 inhibits the
recruitment of IGF-IR into clathrin-coated structures; for this reason, IGF-IR avoids rapid endocytosis
and prolongs its activity on the cell surface and this results in sustained activation of the AKT pathway.
(B) In absence of IRS-1/AP2- complex in the cell, there is only short-term retention of the IGF-IR at the
cell surface and IGF-IR endocytosis is accelerated. This results in a transient activation of the AKT
pathway (Modified from Yoneyama et al. IRS-1 acts as an endocytic regulator of IGF-I receptor to
facilitate sustained IGF signaling. eLIFE, 2018; 7. pii: e32893).
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For the IGF-IR, ubiquitination also increases upon ligand binding [30]. The IGF-IR has been
demonstrated to be a substrate for three ubiquitin ligases: Mdm2, (in human malignant melanoma
cells), c-Cbl (HEK293 cells and human osteosarcoma cell lines U2OS and SAOS2) and Nedd4 (in mouse
embryo fibroblasts). [30,31]. Mdm2 was originally described to control IGF-IR ubiquitination and
thereby causing its degradation by the proteasome system [32]. Subsequently β-arrestins, known to
be involved in the regulation of G-protein-coupled receptors (GPCRs), have also been identified as
adaptor proteins to bring the oncoprotein Mdm2 to the IGF-IR in mouse embryo fibroblasts [33,34]. In
addition, while removing the IGF-IR from the cell surface and inhibiting the “classical” kinase signaling
pathway, β-arrestins may redirect the signaling wave through ERK [33] Ubiquitination may thus
induce receptor internalization and degradation, but also enhance IGF-IR signaling [35] (which will be
further addressed in the paragraph “the complexity of the post-receptor IGF-IR/IR pathways” below).

4. Structural Differences and Overlap between the IGF-IR and the IRs

It is hypothesized that the IGF-IR and IRs are created by gene duplication of common precursor
receptor molecule [36]. Due to structural and functional homology, IGF-I and insulin can bind to
(and activate) both IGF-IR and the IRs, as discussed above [37]. IGF-IR and IRs show 48% amino
acid sequence homology [20]. Structural differences between the beta-subunit and kinase domains
of the IGF-IR and the IRs leading to differences in substrate interactions may be (partly) responsible
for IGF-I and insulin specificity as has been found in various cell types (rat-1 fibroblasts, murine skin
keratinocytes and in NIH-3T3-fibroblasts) [38]. However, the signal transduction by the receptors may
not be limited to its activation at the cell surface [39].

In addition to signaling through the classical tyrosine kinase pathways, it has been found that the
IGF-IRs and IRs (in cells derived from C57Bl/6 mice) can emit signals in the unoccupied state through
some yet-to-be-defined non-canonical pathways [40]. Boucher et al. demonstrated that cells lacking the
IGF-IR and IR exhibit a major decrease in expression of multiple imprinted genes and microRNAs [40].

Although the IGF-IR and IRs have both distinct and overlapping functions, it has been suggested
that in vivo specificity of the IGFs and insulin are at least in part reflected by the timing of the expression
of the IGF-IR and IRs in target tissues in combination with ligand concentration and availability [41]. It
has been further suggested that IGF-I and the IRs act as identical portals for the regulation of gene
expression and that the differences between IGF-I and insulin effects are due to a modulation of the
amplitude of the signal created by the specific ligand receptor interaction [41].

5. The IGF-IR and the IRs May Form Hybrids in the Human Body

In cells and tissues where both significant levels of the IGF-IRs and IRs are present, hybrids
may be formed consisting of an alpha-beta subunit of the IGF-IR linked by disulfide bonds to an
alpha-beta subunit of the IR [42] (Figure 3A). They are formed in the endoplasmic reticulum before
they reach the cell surface [43]. Two splice variants of the hybrid receptors exist for the IR because the
IR is expressed (as above discussed) either with (IR-B) or without 12 amino acids encoded by exon 11
(IR-A) [44]. Thus both IR-A/IGF-IR (Hybrid A) and IR-B/IGF-IR (Hybrid B) receptors can be formed.
Although the biological functions of these hybrid receptors is still unclear, it has been suggested that
hybrid receptors may play a role in the overlapping functions of IGF-I and insulin [21]. Several studies
(in baby hamster kidney cells, NIH3T3 cells overexpressing IGFR and CHO cells overexpressing
IR-B) have suggested that cells by increasing the relative expression level of the IGF-IR above that
of the IR lose their insulin sensitivity because hybrid receptors bind insulin with low affinity [45,46].
In addition, binding of insulin to the alpha-beta subunit of the IR which is part of a hybrid, may result
in autophosphorylation of its ow beta subunit and, following transphosphorylation of the beta subunit
of the IGF-IR, may result in a signal for growth, [9]. In contrast, when IGF-I binds to the alpha-beta
subunit of the IGF-IR, this may activate the beta subunit of the IRs by the same mechanisms and
thereby activate growth (IR-A) or metabolism (IR-B) [9]. Although this latter mechanism could explain
why hybrids may stimulate metabolic functions when stimulated by IGF-I, most functional studies
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have found that hybrid receptors behave more like IGF-IRs than IRs [47]. It has been hypothesized that
this prioritization of hybrid receptors to IGF-I results from the ability of IGF-I to activate monomeric
IGF-IR whereas, in contrast, dimerization of the IR has been considered necessary to induce a response
to insulin [45].

Figure 3. The IGF-I receptor may form hybrids with the insulin receptor, many other tyrosine kinase
receptors outside the insulin-IGF system and G-protein coupled receptors. The figure shows three
examples: (A) Hybrids may be formed consisting of an alpha-beta subunit of the IGF-IR linked by
disulfide bonds to an alpha-beta subunit of the IR. Downstream signaling of both receptors converge via
the canonical PI3K-Akt and ERK signaling pathways. Most functional studies have found that hybrid
receptors behave more like IGF-IRs than IRs (See also text). (B) Hybrids may be formed consisting of
an alpha-beta subunit of the IGF-IR linked and a monomer of the epidermal growth factor receptor
(EGFR) which is also a tyrosine kinase receptor. Downstream signaling of both receptors converge via
the canonical PI3K-Akt and ERK signaling pathways. Therefore, inhibition of one receptor of these
hybrids may shift the signaling pathway in favor of the other available counterpart receptor. (C) The
Thyroid Stimulating Hormone Receptor (TSH receptor), a typical G-protein coupled receptor, may form
functional hybrids with the IGF-IR in the cellular membrane by forming a common protein complex.
Bidirectional crosstalk between the IGF-IR and TSHR has been demonstrated. Stimulation of the
IGF-IR by IGF-I/IGF-IR agonists may trigger the classical signaling pathway of the IGF-IR, leading to
downstream kinase-cascade signaling activation. In addition, stimulation of the IGF-IR by IGF-I/IGF-IR
agonists may also utilize components of G-protein coupled receptor (GPCR) signaling and activate
pathways conventionally used by TSHR.

In cells and tissues where both significant levels of the IGF-IRs and IRs are present, hybrids
may be formed consisting of an alpha-beta subunit of the IGF-IR linked by disulfide bonds to an
alpha-beta subunit of the IR [42] (Figure 3A). They are formed in the endoplasmic reticulum before
they reach the cell surface [43]. Two splice variants of the hybrid receptors exist for the IR because the
IR is expressed (as above discussed) either with (IR-B) or without 12 amino acids encoded by exon 11
(IR-A) [44]. Thus both IR-A/IGF-IR (Hybrid A) and IR-B/IGF-IR (Hybrid B) receptors can be formed.
Although the biological functions of these hybrid receptors is still unclear, it has been suggested that
hybrid receptors may play a role in the overlapping functions of IGF-I and insulin [21]. Several studies
(in baby hamster kidney cells, NIH3T3 cells overexpressing IGFR and CHO cells overexpressing
IR-B) have suggested that cells by increasing the relative expression level of the IGF-IR above that
of the IR lose their insulin sensitivity because hybrid receptors bind insulin with low affinity [45,46].
In addition, binding of insulin to the alpha-beta subunit of the IR which is part of a hybrid, may result
in autophosphorylation of its ow beta subunit and, following transphosphorylation of the beta subunit
of the IGF-IR, may result in a signal for growth, [9]. In contrast, when IGF-I binds to the alpha-beta
subunit of the IGF-IR, this may activate the beta subunit of the IRs by the same mechanisms and
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thereby activate growth (IR-A) or metabolism (IR-B) [9]. Although this latter mechanism could explain
why hybrids may stimulate metabolic functions when stimulated by IGF-I, most functional studies
have found that hybrid receptors behave more like IGF-IRs than IRs [47]. It has been hypothesized that
this prioritization of hybrid receptors to IGF-I results from the ability of IGF-I to activate monomeric
IGF-IR whereas, in contrast, dimerization of the IR has been considered necessary to induce a response
to insulin [45].

It has been further hypothesized that IGF-IR/IR hybrids may affect tumor biology [48]. Specific
downregulation of the IGF-IR by agents solely targeting the IGF-IR diminishes hybrid formation and
this thereby enhances holo-IR formation [48]. An enhanced holo-IR formation results in an increase
of insulin sensitivity [48]. As the IR, especially the IR-A, may also activate (post-receptor) signaling
pathways involved in growth similar to the IGF-IR, the development of agents simultaneous targeting
both IR-A and IGF-IR may be necessary to disrupt the malignant phenotype of cancers cells that are
influenced by actions of the insulin-IGF system [48].

The IGF-IR may also heterodimerize with receptor tyrosine kinases (RTKs) outside the insulin-IGF
system [49]. Heterodimerization of the IGF-IR with the EGFR is well-established [50] (Figure 3B).
Downstream signaling of both receptors converge via the canonical PI3K-Akt and ERK signaling
pathways. Therefore inhibition of one receptor in these hybrids may shift the signaling pathway in
favor of the other available counterpart receptor [49,51,52]. Thus the compensatory signaling may be
bidirectional [53]. Moreover, evidence exists that IGF-IR can activate independently downstream EGFR
pathways and this may subsequently result in EFGR tyrosine kinase inhibitor (TKI) resistance [52].
The IGF-IR signaling pathway shows also cross-talk with the growth hormone receptor (GHR), thyroid
stimulating hormone receptor (TSHR) (Figure 3C), estrogen receptor (ER), androgen receptor (AR) and
human epidermal growth factor receptor 2 (HER-2) signaling pathways [54–59].

6. The Functional Relationship between Insulin/IGF Signaling and Discoidin Domain Receptors

In addition to its canonical role as a collagen receptor, it has recently been suggested that the
discoidin domain receptor-1 (DDR1), a tyrosine kinase receptor, plays an important role in the regulation
of the insulin-IGF system [60]. In contrast to most other RTKs, DDR1 is not activated by soluble growth
factors but instead by various type of collagens [60]. While most other RTKs are fully activated in
minutes, maximal activation of DDR1 occurs several hours after initial stimulation with collagen [60].
The DDR1 and the insulin-IGF system are linked by a feed-forward mechanism by which insulin and
the IGFs induce DDR1 upregulation which in turn enhances expression and activity of the IRs and
the IGF-IR [60]. The mechanisms by which DDR1 may affect downstream signaling of the IRs and
IGF-IR are as yet not fully understood. It has been found that increasing DDR1 expression favors the
expression of the more mitogenic IR-A isoform over the metabolic IR-B isoform and thus one of the
functional consequences of this DDR1 upregulation may be increased IGF-II signaling through the
IR-A [60]. This in turn may favor dedifferentiation and stem-like features [60]. It has been further
hypothesized that inhibition of DDR1 may be a way to downregulate the tumor-inducing actions of
the insulin/IGF system in human cancer cells while simultaneously inducing differentiation of cells
without affecting the IR-B mediated metabolic actions [60]. In favor of this latter hypothesis, in vitro
DDR1 silencing or downregulation blocked the IGF-2/IR-A autocrine loop in poorly differentiated
thyroid cancer cells and induced cellular differentiation [61]. Although at present no clinical studies
have shown that this strategy provides any clinical benefits for patients with tumors overexpressing the
DRR1 and the insulin-IGF-I system, these results may help to develop novel therapeutic approaches
for cancer.

7. The Complexity of the Post-Receptor IGF-IR/IR Pathways

In recent years, it has been become clear that the downstream complexity of the IGF-IR/IR
pathways was grossly underestimated in the past. In this section we will discuss some important
novel insights regarding this complexity. In the classical model, as discussed above, the IGF-IR was
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traditionally described as a tyrosine kinase receptor with an ON/OFF (active/inactive) system. In this
system IGF-I binding to the IGF-IR stabilized the ON state (active) and this exclusively mediated
kinase-dependent signaling activation of both the PI3-AKT and ERK pathways [62,63] (Figure 4A).
Ubiquitin-mediated receptor downregulation and degradation was originally described as a response
to ligand/receptor interaction and thus inseparable from kinase signaling activation [62].

Figure 4. (A) In the classical model IGF-IR activation was triggered exclusively by ligand binding and
signaling was exclusively mediated by a kinase cascade through phosphorylation. The ligand-activated
IGF-IR was thought to lead to a balanced stimulation of the AKT/ERK pathways. (Abbreviation AKT=
protein kinase B; ERK= extracellular signal –regulated kinase) (B) In the current model, binding of a
ligand to the IGF-IR results not only in stimulating of the kinase cascade through phosphorylation
of IRS-1, PI3K and AKT but also in activation and signaling by G-proteins and β-arrestins, as well as
desensitization and internalization by β-arrestins. In this model ligand binding results in a balanced
activation and signaling of the kinase cascade, G-proteins and β-arrestins, as well as desensitization
and internalization by β-arrestins. (Modified from Girnita et al. Something old, something new
and something borrowed: emerging paradigm of insulin-like growth factor type 1 receptor (IGF-1R)
signaling regulation. Cell Mol Life Sci. 2014; 71:2403-27).

Almost 25 years ago, a study from Nobel Prize winner Dr. Robert Lefkowitz’s laboratory
reported that IGF-IR-dependent activation of the Mitogen-Activated Protein Kinase (MAPK) signaling
pathway was inhibited by the Gαi-inhibitor pertussis toxin [64]. The last years there is emerging
evidence that many RTKs can also utilize heterotetrameric G proteins to subserve some of their
biological actions [65–67]. Recently, more extensive evidence has been published that the IGF-IR
and IRs are also engaged in in G-protein coupled receptor (GPCR) signaling [62,63,65–67]. As GPCR
phosphorylation by GPCR-kinases (GRKs) governs interactions of the receptors with β-arrestins,
Zheng et al. investigated the regulatory roles of the four widely expressed GRKs on IGF-IR
signaling/degradation [68]. They found that lowering GRK5/6 abolished IGF-I-mediated ERK and
AKT activation, whereas GRK2 inhibition increased ERK activation and partially inhibited AKT
signaling [68]. In addition, β-arrestin-mediated ERK signaling was enhanced by overexpression of
GRK6 and diminished by GRK2. Similarly, they demonstrated opposing effects of GRK2 and -6 on
IGF-IR degradation: GRK2 decreased whereas GRK6 enhanced ligand-induced degradation [68].
GRK2 and GRK6 co-immunoprecipitated with IGF-IR and increased IGF-IR serine phosphorylation,
promoting β-arrestin1 association. Thus this study demonstrated distinct roles for GRK2 and GRK6 in
IGF-IR signaling through β-arrestin binding with divergent functional outcomes [68].

Based on the insight that IGF-IR may also “borrow” components of GPCR signaling, including
β-arrestins and G-protein-coupled-receptor kinases (GRKs), a new paradigm has emerged for the
IGF-IR [62]. In this new paradigm, the IGF-IR is considered to be a functional RTK/GPCR hybrid,
which integrates the kinase signaling with some IGF-IR mediated canonical GPCR characteristics [62].
Binding of IGF-I to the IGF-IR thus not only leads to balanced phosphorylation-dependent Akt/ERK
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signaling intracellularly, but results simultaneously also in activation of signaling by G-proteins and
β-arrestins [62] (Figures 4B and 5A).

Figure 5. (A) Mechanisms of balanced agonism; activation of the IGF-IR stimulates not only the AKT
pathway by phosphorylation of IRS-I and PI3K, but in addition, stimulates the β-arrestin-1 (β-arr1)
pathway which leads to proteasomal degradation of the IGF-IR through an ubiquitin (Ub)-mediated
mechanism and ERK activation. (B) Beta-arrestin-1 biased agonism. Binding of monoclonal (blocking)
antibodies directed against the IGF-IR block the kinase cascade pathway (by blocking phosphorylation
of IRS-1, PI3K and AKT) but simultaneously activate the β-arrestin-1 (β-arr1) pathway which induces
enhanced IGF-IR receptor internalization (ubiquitination) and activation of ERK signaling pathway.
(Modified from Salisbury & Tomblin. Insulin/Insulin-like growth factors in cancer: new roles for the aryl
hydrocarbon receptor, tumor resistance mechanisms, and new blocking strategies. Front Endocrinol
(Lausanne), 2015; 6:12).

The IRs have been shown also to interact with G-proteins and β-arrestin-1 [69]. However, the
IGF-IR and IRs engage in different G-proteins for downstream signaling [65]. This possibly provides a
mechanism that is responsible for the signaling specificity of these two receptors [65].

Also another new paradigm, the paradigm of biased signaling, has been proposed for IGF-IR and
IR signaling [67,70]. The paradigm of biased signaling also originates from the GPCR signaling field [71].
The regulatory process which was discovered as the means by which classical GPCRs “desensitized“
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or tuned off, has been also found to be active for the IGF-IR [71]. In this paradigm the ligand is biased
towards a specific signaling i.e., the signal mediated by binding of a ligand to a receptor is no longer
balanced but the ligand elicits one response of the ligand over another compared with the classical
ligand [53,63]. The IGF-IR has been extensively studied as an anti-cancer target However, monotherapy
trials with IGF-IR targeted antibodies, have, overall, been very disappointing [12]. The anti-IGF-IR
antibody Figitumumab (CP-751,871; CP) was designed as an antagonist to prevent ligand-receptor
interaction [72]. Although it was found that CP blocked the kinase cascade pathway (by blocking
phosphorylation of IRS-1, PI3K and AKT), as with all anti-IGF-IR antibodies, it simultaneously induced
IGF-IR/β-arrestin-1 association with dual functional outcome: receptor ubiquitination and degradation
and decrease in cell viability and β-arrestin-1-dependent ERK signaling activation [72].

Thus despite blocking all the “classical” tyrosine kinase-mediated effects of the IGF-IR, a blocking
antibody directed against the IGF-IR may function as an IGF-IR/β-arrestin-1/ERK agonist and favor
β-arrestin-1/ERK signaling [73] (Figure 5B). Another example of biased signaling of the IGF-IR signaling
is mediated by LL-37, a newly recognized bacterial peptide, which after binding to the IGF-IR may
function as an IGF-IR agonist by increasing β-arrestin-1 signaling and electively activating the ERK
pathway but without affecting simultaneously the PI3K-AKT pathway [74].

One should make a distinction between homologous and heterologous desensitization.
Homologous desensitization occurs within a receptor system when it alters its own responsiveness,
for example the loss of responsiveness (desensitization) that can occur upon binding of insulin to
the IR [75]. It is considered to limit or restrain a cell’s responses to certain stimuli; it leaves a cell
(transiently) less- or unresponsive to a ligand that activates the desensitized receptor but not to ligands
that activate other receptors. In contrast, in heterologous desensitization the responsiveness of one
receptor system is regulated (positively or negatively) by activation of another receptor system (i.e.,
“cross-talk”) [75]. For example, insulin after binding to the IR may induce heterologous desensitization
of the signaling of the IGF-IR by downregulating β-arrestin-1 and inhibiting of IGF-I-stimulated MAP
kinase phosphorylation [76]. However, it has been found that this latter effect could be substantially
rescued by ectopic expression of wild-type β-arrestin-1, consistent with the view that the decrease in
cellular β-arrestin-1 content is a major mechanism for the observed desensitization effects of insulin on
IGF-IR mediated signaling [76].

8. The Nuclear Translocation of the IGF-IR and IRs and Its Significance

The IGF-IR and IRs not only function at the cell surface. When after binding of IGF-I to the IGF-IR
and the IGF-I/IGF-IR complex has been internalized into the cell, there are three potential outcomes for
the internalized IGF-IR: it can go back to the cellular surface, it can be degraded or it can go to the
nucleus [77].

It has been documented that both the IGF-IR and IRs can be translocated to the nucleus [78,79].
Nuclear transport of IGF-IR is enhanced by IGF-I and IGF-II but only modestly by insulin [79]. This
transport correlated directly with the magnitude of ligand-induced receptor phosphorylation of the
IGF-IR with these ligands [79]. In addition, it has been found that ligand-mediated phosphorylation of
the IGF-IR is essential for nuclear trafficking [78].

IGF-IR nuclear import and chromatin binding can be blocked by an IGF-IR kinase inhibitor,
indicating that indeed IGF-IR kinase activity is required for the IGF-IR to enter the nucleus [79].

The IGF-IR can undergo both caveolin- and clathrin mediated endocytosis [80,81]. Consistent
with clathrin-mediated endocytosis, nuclear IGF-IR translocation can be blocked by the inhibitors of
clathrin-dependent endocytosis (dansylcadaverine and the dynamin-1 inhibitor dynasore), but not
by caveolin-1 depletion [79]. Nevertheless, the exact mechanisms responsible for nuclear import of
the IGF-IR and IRs are still unclear [78]. Sehat et al. found that the α subunit (native size, 120 kD)
together with the β subunit (native size, 95 kD) was present in the nuclear fraction, suggesting that
nuclear IGF-IR was an intact receptor [82]. Data of Aleksic et al. also suggested that full-length IGF-IR
translocates to the nucleus [79].
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Both the IGF-IR and IRs are present in the perinuclear and nucleolar area of the nucleus in a small
ubiquitin-like modifier SUMOylated form [78]. Receptor SUMOylation occurs in a ligand dependent
fashion and it has been demonstrated that SUMOylation plays a crucial role in the nuclear translocation
of the IGF-IR [82,83] (Figure 6). The SUMO-modified IGF-IR is deSUMOylated after passage across the
nuclear membrane [82]. Nuclear IGF-IR binds to enhancer regions and activates transcription [84]. It is
able to autoregulate expression of its own gene leading to an increase in IGF-IR promoter activity and
IGF-IR expression [78] (Figure 6).

 
Figure 6. Studies have confirmed that ligand-mediated phosphorylation of the IGF-IR is essential for
nuclear trafficking. Following binding of IGF-I to the IGF-IR at the cell surface, the IGF-IR is transported
into the cell and further translocated from the cytoplasm into the nucleus. SUMOylation (SUMO-1) in
the cytoplasm of the IGF-IR also plays a crucial role in the nuclear translocation of the IGF-IR from
the cytoplasm. When the SUMOylated IGF-IR translocates to the nucleus, it is thought to be involved
in the transcriptional enhancement of specific target genes. Nuclear IGF-IR is able to autoregulate
expression of its own gene leading to an increase in IGF-IR promoter activity and IGF-IR expression
(left). Nuclear IGF-IR may also bind to Cyclin D1 (and additional) promoters with ensuing target gene
activation (right). (Modified from Sarfstein & Werner. Minireview: nuclear insulin and insulin-like
growth factor-1 receptors: a novel paradigm in signal transduction. Endocrinology, 2013; 154:1672-9).

It has been further suggested that nuclear IGF-IR has biological significance in cancer; prognosis
was less good and survival was shorter in patients whose tumor showed intense and/or widespread
nuclear IGF-IR [79]. It has been reported that nuclear IGF-IR is a feature of pre-invasive lesions and
invasive cancers including prostate, renal and breast cancers, and an association between nuclear IGF-IR
and adverse prognosis was identified in renal cancer [79]. Subsequent data did associate nuclear IGF-IR
with proliferation, tumorigenicity, resistance to EGFR inhibition and clinical response to therapeutic
anti-IGF-IR antibodies, which suggests that IGF-IR nuclear import has biological significance and may
contribute directly to IGF-IR function [79,85–90].

When the IGF-IR translocates to the nucleus, it is thought to be involved in the transcriptional
enhancement of specific target genes [79,82,91]. It has been demonstrated that IGF-IR in the nucleus
binds to the transcription factor lymphoid enhancer factor-1 (LEF1), leading to elevated protein levels
of cyclin D1 and axin2 [84] (Figure 6). This might be an additional molecular mechanism by which
IGF-IR promotes uncontrolled cell proliferation and contribute to the neoplastic transformation of
cells [84].

When investigating the impact of IGF-IR levels on IGF-IR biosynthesis in estrogen receptor
positive (ER+) and estrogen receptor depleted (ER-) breast cancer cells, it was found that in ER+ cell
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and ER- cells regulation of the IGF-IR gene and IGF-IR protein differed at the level of transcription;
the IGF-IR protein was able to stimulate IGF-IR gene expression in ER- cells but not in ER+ cells [92].
Similarly to the IGF-IR, it was found that the IR was also translocated to the nucleus and to bind to the
IGF-IR promoter. However, this was only observed in ER- cells but not in ER+ cells [92].

In addition, it has been found that transcription factors IGF-IR and IR display diametrically
opposite activities in the context of IGF-IR gene regulation; in contrast to the IGF-IR, IR inhibited IGF-IR
promoter activity [92]. Thus nuclear IGF-IR acted as a transcriptional activator of its own promoter,
while nuclear IR functioned as a negative regulator of IGF-IR promoter activity [92]. Nevertheless, the
authors of this latter paper concluded that the clinical implications of their findings—in particular
the impact of IGF-IR/IR nuclear localization on targeted therapy—are at present unclear and require
further investigation [92].

9. Conclusions

Although until recently the conventional view was that phosphorylation of tyrosine residues
played a major role in the activation of the IGF-IR and initiated all downstream signaling, there
is increasing evidence showing that this view was too simplistic and grossly underestimated the
downstream complexity of the IGF-IR pathways. The IGF-IR has not only extensive cross-talk with
many other receptors, but that the IGF-IR can be also considered as a functional RTK/GPCR hybrid,
which integrates the kinase signaling with some IGF-IR mediated canonical GPCR characteristics.
Like classical GPCRs the IGF-IR show homologous and heterologous desensitization. In addition,
after activation by a ligand, the IGF-IR signaling can be translocated to the nucleus and function as a
transcriptional cofactor. For example nuclear IGF-IR is able to autoregulate expression of its own gene.

Thus, it has become clear in recent years that the IGF-IR signaling pathway is far more complex
than previously thought. It contains many points of regulation and shows signal divergence and
cross-talk with many other signaling pathways at the receptor and post-receptor level. However, a
big challenge for the (near) future will be how all this new knowledge about the IGF-IR signaling
pathways can be translated into clinical practice and improve diagnosis and treatment of diseases.
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