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Since their discovery in the late 1950s, insulin-like growth factors (IGFs) have attracted significant
interest in multiple areas of biology and medicine, including endocrinology, pediatrics, growth,
metabolism, nutrition, aging, and oncology. IGF1, which was initially identified as the mediator of
growth hormone (GH) action, is regarded as a key player in numerous cellular and organismal processes.
The signaling pathways elicited by IGF1 have been extensively characterized in biochemical and
molecular terms over the past 40 years. However, fundamental questions regarding basic differences
between the mechanisms of action of IGF1 and the closely related insulin molecule are yet to be
resolved. This Special Issue of Cells provides a collection of modern articles dealing with the role of
IGF1 in cancer biology, aging, and development. The articles explore basic and clinical aspects of
the IGF1 system, including post genomic analyses as well as novel approaches to target the IGF1R
in oncology.

The role of IGF binding proteins (IGFBPs) in the regulation of IGF1-stimulated growth has been
the focus of intensive research for many years. Forced expression of IGFBPs in transgenic mice,
under most circumstances, leads to inhibitory effects on somatic growth. To evaluate the impact
of IGFBPs on normal growth, Walz et al. [1] measured IGF1 and IGFBP-2, -3, and -4 levels in the
serum of growth-selected mouse models (obese and lean) and expressed these values as a function of
longitudinal growth. The authors provide evidence that part of the elevated growth activity during
prepubertal growth could be related to the elevated bioactivity of IGF1. Specifically, elevated ratios of
IGF1/IGFBPs were established by a delayed increase in IGFBPs compared to a strong increase in IGF1
levels between two and four weeks of age.

As mentioned above, the IGF1 axis plays a key role in aging and longevity. However, the
biochemical and molecular mechanisms responsible for the linkage between IGF1 and aging processes
are poorly defined. Zhang et al. [2] evaluated age- and sex-adjusted hazards for all-cause mortality
and incident age-related diseases in a prospective cohort of older adults (mean age = 76.1 ± 6.8 year)
as predicted by baseline total serum IGF1, IGFBP-1, IGFBP-3, and IGF1/IGFBP-3 molar ratio. The
authors report that higher IGF1 levels and bioavailability predicted mortality and morbidity risk,
supporting the hypothesis that diminished GH-IGF1 signaling may contribute to human longevity
and health-span.

Yoshida and Delafontaine [3] provide a comprehensive review of the role of IGF1 and its
downstream signaling paths in skeletal muscle atrophy associated with chronic diseases and aging.
The authors describe the involvement of autophagy in IGF1-stimulated muscle atrophy and protein
degradation. In addition, they emphasize the fact that given the multiple (sometimes opposed)
interactions of IGF1 in skeletal muscle, it is often difficult to clearly define the specific role of IGF1 in
this tissue. The authors conclude that further studies are required to develop effective strategies to
apply IGF1 in order to treat muscle atrophy in humans.

Glucose regulated protein 94 (GRP94) is a ubiquitously expressed chaperone in the endoplasmic
reticulum that is required for the proper folding and secretion of IGF1. Argon et al. [4] review the
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implications of IGF1–GRP94 interaction in the context of idiopathic short stature and suggest that
the chaperone machinery can be modulated with small molecules. The net result of this molecular
intervention might constitute a novel way to manipulate both IGF1 deficiency as well as conditions of
excessive growth factor production. Similarly, IGF1–GRP94 interaction might be relevant in cancer.
Thus, differences in the association of IGF1/IGF2 with GRP94 can be exploited for selective tissue
targeting of compounds.

Ahmad et al. [5] describe the role of IGF1 in the maintenance of skeletal muscle mass. Specifically,
their review focuses on the mechanisms involved in the proliferation of muscle satellite cells as well as
the key role of IGF1 in myoblast differentiation during normal growth or regeneration after skeletal
muscle injury. The authors state that the development of protocols for the use of IGF1 in muscle-wasting
conditions remains an important research challenge.

The mitochondria are key organelles that regulate vital processes in eukaryotic cells. A decline
in mitochondrial function is regarded as an important hallmark of aging. Poudel et al. [6] review
the evidence that GH and IGF1 regulate mitochondrial mass and function and contribute to specific
processes of cellular aging. The authors highlight the involvement of these hormones in mitochondrial
biogenesis, ATP production, oxidative stress, and senescence, with a special focus on mitochondrial
pathologies during aging.

IGFBP-3 is the best characterized IGF binding protein and its disruption has been linked to a
number of pathologies. IGFBP-3 exhibits a number of IGF1-independent activities, ranging from
tumor suppressing to tumor promoting effects. Cai et al. [7] describe the identification of TMEM219,
an unknown transmembrane protein, as a potential IGFBP-3 interacting protein. Furthermore, they
delineate the underlying mechanisms and biological implications of IGFBP-3–TMEM219 interplay.
Finally, the authors portray the therapeutic potential of TMEM219 agonists for cancer therapy.

As alluded to above, the IGF1R constitutes a promising target in oncology. Chen et al. [8] review
the current state of IGF-targeting approaches and outline the stepwise bioengineering and validation of
IGF-Trap, a novel anticancer modality that could bypass the limitations of current techniques, including
interference with insulin receptor signaling. In vivo, IGF-Trap displays favorable kinetic properties
and could reduce metastatic outgrowth of colon and lung cancers in the liver. In addition, Chen and
colleagues developed a sensitive IGF kinase receptor-activation (KIRA) assay that serves as a surrogate
biomarker for drug efficacy.

The inherent complexity of the IGF1 system is elegantly discussed by Janssen [9]. While the classical
view postulated that phosphorylation of tyrosine residues plays a major role in IGF1R activation, there
is increasing evidence showing that this dogma was too simplistic and grossly underestimated the
downstream complexity of the IGF1R pathways. Janssen discusses the novel concept that IGF1R can be
also considered as a functional tyrosine kinase/G-protein coupled receptor (GPCR) hybrid. According
to this view, this hybrid is able to integrate kinase signaling with some IGF1R-mediated GPCR features.
In summary, the IGF1R is far more complex than previously thought and a big challenge for the future
will be to integrate and translate this new knowledge into clinical practice.

Finally, recent developments in the area of IGF-II research are discussed by Blyth et al. [10]. IGF-II
is the least investigated ligand of the IGF system and it is unique in that it acts through both the
IGF1R and the insulin receptor isoform A (IR-A). The solved structure of IGF-II bound to IGF1R using
cryo-electron microscopy is clearly depicted. In addition, comparisons are made with the structures of
insulin and IGF1 bound to their cognate receptors. Lastly, the authors discuss future investigations
required to develop antagonists of IGF action for cancer treatment.
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Abstract: Forced expression of insulin-like growth factor binding proteins (IGFBPs) in transgenic
mice has clearly revealed inhibitory effects on somatic growth. However, by this approach, it cannot
be solved if or how IGFBPs rule insulin-like growth factor (IGF)-dependent growth under normal
conditions. In order to address this question, we have used growth-selected mouse models (obese
and lean) and studied IGF-1 and IGFBPs in serum with respect to longitudinal growth activity in
males and females compared with unselected controls. In mice of both genders, body weights were
recorded and daily weight gains were calculated. Between 2 and 54 weeks of age, serum IGF-1
was determined by ELISA and intact IGFBP-2, -3 and -4 were quantified by Western ligand blotting.
The molar ratio of IGF-1 to the sum of IGFBP-2 to -4 was calculated for all groups and plotted against
the daily weight gain curve. Growth-selected mice are characterized by higher daily weight gains and
extended periods of elevated growth activity if compared to matched unselected controls. Therefore,
adult mice from the obese and lean groups can achieve more than twofold increased body weight in
both genders (p < 0.001). Between 2 and 11 weeks of age, in obese and lean mice of both genders,
serum IGF-1 concentrations are increased more prominently if compared to unselected controls
(p < 0.001). Instead, substantial decreases of IGFBPs, particularly of IGFBP-2, are observed in males
and females of all groups at the age of 2 to 4 weeks (p < 0.001). Due to the strong increase of IGF-1
but not of IGFBPs between two and four weeks of age, the ratio of IGF-1 to IGFBP-2 to -4 in serum
significantly increased in all groups and genders (p < 0.05). Notably, the IGF-1 to IGFBP ratio was
higher in male and female obese mice if compared to unselected controls (p < 0.05).

Keywords: longitudinal study; IGFBP; mouse models

1. Introduction

Long-term selection for high body weight goes back to 1930, when Goodale initiated an experiment
to explore the boundaries of growth in mice [1]. After 35 generations of selection, the mice had increased
their body weight from ≈25 g to ≈43 g (+72%). Most probably due to inbreeding effects, additional
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selection for 49 generations did not further increase body weight to a significant extent [2]. Starting
from an outbred background and under avoidance of inbreeding in the present selection experiment,
substantial increases (+144%) of male body weight at the age of six weeks were achieved after
146 generations of selection in the obese mouse line (DU6) [3]. This finding not only underlines the
potential of non-inbred backgrounds for functional genome analysis but even more importantly proves
the idea that growth is a complex trait regulated by a multitude of effectors [4]. Here we have used
two separate growth selected mouse models for the study of longitudinal regulation of the IGF-system.
Accordingly, mice long-term selected for high body mass [3,5,6] (obese model; DU6), and a second
mouse model selected for high protein mass [7,8] (lean model; DU6P) were compared to unselected
controls [9,10].

Clearly, the GH–IGF system is highly responsive to growth selection; specific effects have been
described on the level of DNA, mRNA, and protein with respect to the GH–IGF system in model
animals or farm animals [11–15], and many of these studies have particularly addressed the biomarker
potential of IGF-1 or assessed single time points. In human subjects, longitudinal concentrations have
been provided both for IGF-1 [16] and for IGFBP-3 [17]. In order to estimate the bioactivity of IGF-1,
reference levels for the ratio of IGF-1 to IGFBP-3 were also calculated for male and female subjects from
a larger population longitudinally [17]. In biological matrices and in the circulation, IGF-1 bioactivity
is not only regulated by IGFBP-3, and therefore the inclusion of additional IGFBPs enables a more
comprehensive view e.g., on the control of IGF-1 dependent growth. For the hypothesis-free assessment
of IGFBPs in a given matrix, Western ligand blotting (WLB) technique can be applied [18]. By this
method, it is possible to include all IGFBPs present and detectable in a given sample. Perhaps even
more important is the fact that WLB delivers structural information of a given IGFBP [19]. Thereby the
information provided by WLB is related to a specific molecular weight (e.g., intact IGFBP-3), whereas
other methods do not have this power. This fundamental feature of WLB is getting more and more
important, as we understand that IGFBP-proteolysis represents a fundamental process of physiological
growth control related to IGFs [20,21] or in cancer [22]. Just recently, an IGFBP-3 protease has been
described as an effector of free IGF-1 in children and adolescents [23]. Accordingly, the inclusion of
structural information could tremendously improve the biomarker value of IGFBPs [19]. Here we
compared intact IGFBPs quantified by WLB with longitudinal concentrations of IGF-1 and, for the first
time, discuss IGF-1 to IGFBP ratio based on structurally validated biomarker information of IGFB-2, -3
and -4 in serum.

2. Materials and Methods

2.1. Animals, Husbandry, and Study Design

In the present study, long-term selected non-inbred mouse lines established at the Leibniz Institute
for Farm Animal Biology (FBN) were used. Two lines were selected for high male body mass at the age
of 42 days (DU6: obese model) or high protein amount (DU6P: lean model) at the same age of 42 days
after birth. These long-term selected mouse lines were originally based on the genetic background
of the unselected control line Fzt:DU [9,10]. The control mouse line (Fzt:DU) was developed by
random mating procedures during the experiment. Husbandry, mode of selection, and phenotypical
features of the three mouse lines have been described in detail before [3,8]. In brief, all mice were
maintained under semi-barrier conditions with free access to chow (breeding diet 1314, Altromin,
Lage, Germany) and water. In order to assess longitudinal levels of IGFBPs in serum from male and
female mice, we used serum produced by Sawitzky et al. [8]. In the course of this study, male and
female mice from all three lines were dissected at the age of 2, 4, 7, 11, 16, 29, 42, and 54 weeks after
birth, and serum was frozen until further use. The experiment was designed with 8 animals per group.
Due to elevated mortality, only 4 male obese mice reached an age of 54 weeks, resulting in a total
sample number of N = 380. In addition, body weights were recorded from all mice included in this
study. Daily weight gain was calculated from intrapolated daily weights extracted from the Gompertz
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growth curve (Y = YM*(Y0/YM)ˆ(exp(−K*X))). The experiments were performed in adherence to
national and international laws and were further approved by the National Animal Protection Board
Mecklenburg-Vorpommern (file number: LALLF M-V/TSD/7221.3-1.2-037/06).

2.2. Longitudinal Analysis of IGFs and IGFBPs in Mouse Serum

In serum from male (N = 188) and female (N = 192) mice between 2 and 54 weeks of age, IGF-1
was quantified by ELISA as described before [24]. In all samples, IGFBPs were quantified by Western
ligand blotting as already described [25] with exceptions as described here. Serum was denatured
for 5 min at 95 ◦C in sample buffer containing 10% sucrose, 2% sodium dodecyl sulfate (SDS), and
62.5 mM Tris (pH 6.8) and loaded on 12%-SDS/polyacrylamide gels. For quantification of IGFBP-2, -3,
and -4, dilution series of human recombinant IGFBP-2, -3, and -4 were included with each run. After
electrophoresis, proteins were blotted from the gel to solid carrier membranes (polyvinyl fluoride,
Millipore, Schwalbach, Germany). The membranes were incubated using human recombinant IGF-2
radiolabeled with iodine-125 overnight at 4 ◦C. After five consecutive repetitions of washing in
phosphate-buffered saline (pH 7.4) for 15 min, membranes were exposed to Storage Phosphorimager
screens mounted on plates for 8 h. The signals were quantified using the Phosphor-Imager Storm
(Molecular Dynamics, Sunnyvale, CA, USA). Quantification was achieved using ImageQuant software
(GE Healthcare, Marlborough, MA, USA). Regression coefficients from standard dilutions were higher
than 0.99 (http://www.ligandis.de/index.php?id=20&L=1). Intraassay and interassay variations were
<15% and<20% for all IGFBPs, as published before [25]. Lower limits of quantification also as published
before [25] were 0.25 ng for IGFBP-2 and 1 ng for IGFBP-3 and IGFBP-4. Using the software GraphPad
Prism version 8.4.2, three samples were identified as outliers (GraphPad Prism) and therefore excluded
from further analysis. Accordingly, in male controls at an age of 2 weeks, in obese males at an age of
42 weeks, and in female controls at an age of 42, only 7 samples per group were included (N = 377).

2.3. Statistical Analyses

Statistical analyses were performed using the SAS software for Windows, version 9.4 (Copyright,
SAS Institute Inc., Cary, NC, USA). IGF-1 and IGFBP and growth data were analyzed by analyses of
variance (ANOVA) using the MIXED procedure in SAS/STAT software. The ANOVA model contained
the fixed factors group (levels: obese, lean, control), gender (levels: female, male), age (levels: weeks 2,
4, 7, 11, 16, 29, 42, 54), and their interactions.

Least square means (LS means) and their standard errors (SE) were computed for each fixed
effect in the models described above, and all pairwise differences between LS means were tested using
the Tukey–Kramer procedure. The SLICE Statement of the MIXED procedure was used to perform
partitioned analyses of the LSM for all interactions. Effects and differences with p-values < 0.05 were
considered significant.

3. Results

3.1. Longitudinal Growth in Non-Inbred Mouse Models

Body weight was recorded in mice selected for high body mass at the age of 42 days (obese mouse
model), in mice selected for high protein amount (lean mouse model), and in unselected controls
(Figure 1). At an age of 11 weeks in females and 16 weeks in males, body weights were significantly
different between obese, lean, and control mice. Within groups, daily weight gains were highest in
male or female controls at the age of 24.9 days or 20.9 days after birth. Lean mice elevated daily weight
increases until an age of 26.3 days in males and 24.5 days in females. In obese mice, the daily weight
gains peaked at the age of 26.7 days in male and 24.2 days in female mice. The absolute amount of daily
weight increase amounted to 0.635 g/d and 0.59 g/d in male and female unselected controls, 1.99 g/d
and 1.52 g/d in lean male and female mice, but 2.2 g/d and 1.7 g/d in obese male and female mice.
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Figure 1. Body weight in male (left panel) and female (right panel) mice selected for high body weight
(obese), for high protein amount (lean), and in unselected controls at an age of 2, 4, 7, 11, 16, 29, 42, and
54 weeks. (mean ± SEM; n = 8; due to high mortality, sample number was reduced to n = 4 at an age of
54 weeks in male obese mice; different letters (a, b, and c) indicate significant differences also in different
genetic groups per gender, ***: p < 0.001; identical letters indicate no statistically significant difference).

3.2. Effects of Age and Growth Selection on the Concentrations of IGF-1

As a main effect of growth selection independent of age, IGF-1 was significantly increased in lean
mice (p < 0.001) of both genders but only in obese male mice (p < 0.01) if compared to sex-matched
unselected controls (Figure 2). As an effect of age and genetic group, in male obese mice, a significant
(p < 0.001) increase of IGF-1 concentrations in serum was present between 2 and 4 weeks of age. In male
lean mice, a similar increase was found between 2 and 7 weeks of age (p < 0.001). In males from
both growth-selected mouse lines, IGF-1 concentrations decreased between 4 or 7 and 29 weeks of
age (p < 0.01). Moreover, as an interaction of age and genetic group, in female obese and lean mice,
increases of IGF-1 concentrations were found between 2 and 7 weeks of age (p < 0.001). However, a
significant decrease of IGF-1 concentrations over time was only found in obese female mice between 7
and 54 weeks of age (p < 0.001).

Figure 2. Concentrations of insulin-like growth factor (IGF)-1 in serum from mice selected for high body
weight (obese), for high protein amount (lean), and in unselected controls of both genders at an age of
2, 4, 7, 11, 16, 29, 42, and 54 weeks. Different letters (a and b) indicate significant differences also with
respect to different genetic groups in each gender; identical letters indicate no statistically significant
difference. Sample information is provided by Figure 1 (mean ± SEM; **: p < 0.01; ***: p < 0.001).
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3.3. Effects of Age and Gender on Levels of IGFBP2- to 4

By direct comparison of longitudinal IGFBP profiles in serum from male and female unselected
non-inbred mice (data not shown), IGFBP-2, -3, and -4 exhibited gender-related features: if compared
to age-matched females, male mice had higher concentrations of IGFBP-2 (p < 0.01) and -3 (p < 0.001)
at an age of 16 and 42 weeks, respectively, but lower concentrations of IGFBP-4 in serum (p < 0.001) at
the age of 54 weeks.

3.3.1. IGFBP-2

As a main effect of age in all female mice, IGFBP-2 was reduced between weeks 2 and 4 (p < 0.01),
increased between weeks 4 and 11 (p < 0.001), and reduced between weeks 11 and 16 (p < 0.001;
Figure 3). As an effect of age in all male mice, IGFBP-2 also was reduced between weeks 2 and
4 (p < 0.001), increased from week 4 until week 16 (p < 0.001), and then decreased from week 16 to week
26 (p < 0.001). The effects of age in selected mouse lines are depicted in Figures 3 and 4 (interactions of
age and genetic group).

Figure 3. Concentrations of insulin-like growth factor binding protein (IGFBP) -2, -3, and -4 in serum
from female mice selected for high body weight (obese), for high protein amount (lean), and in
unselected controls at an age of 2, 4, 7, 11, 16, 29, 42, and 54 weeks (mean ± SEM; n ≥ 7; different letters
(a and b) indicate significant effects also if different genetic groups were compared; identical letters
indicate no statistically significant difference; **: p < 0.01; ***: p < 0.001).

Figure 4. Concentrations of IGFBP-2, -3, and -4 in serum from male mice selected for high body weight
(obese), for high protein amount (lean), and in unselected controls at an age of 2, 4, 7, 11, 16, 29, 42, and
54 weeks (mean ± SEM; n = 8 with the exception of obese male at an of 42 weeks and 54 weeks with
n = 7 and n = 4, respectively; different letters (a and b) indicate significant effects of age; identical letters
indicate no statistically significant difference also if different genetic groups were compared; *: p < 0.05;
**: p < 0.01; ***: p < 0.001).
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3.3.2. IGFBP-3

As an effect of age in all female mice, a substantial increase of IGFBP-3 (Figure 4) in serum was
observed between 2 and 16 weeks of age (p < 0.001). In addition, a reduction was observed in all female
mice between week 16 and week 54 (p < 0.001). Similarly in all male mice, an increase of IGFBP-3
in serum between weeks 2 and 11 (p < 0.001) and a decrease between weeks 11 and 54 (p < 0.001)
was observed. Significant effects of age are presented for separate mouse lines in Figures 3 and 4
(interactions of age, gender, and mouse line).

3.3.3. IGFBP-4

As an effect of age, IGFBP-4 was significantly decreased between weeks 2 and 7 (p< 0.05), increased
between week 7 and 11 (p < 0.05) and decreased between week 11 and 42 (p < 0.001). In all male mice,
IGFBP-4 was increased between weeks 4 and 11 (p < 0.01) and decreased between weeks 11 and 29
(p < 0.001). Again, significant differences present in isolated mouse lines are depicted in Figures 3
and 4.

3.4. Effects of Growth Selection on the Concentrations of IGFBP-2 to -4

As a main effect of growth selection and irrespective of age, obese female mice had significantly
higher levels of IGFBP-3 in serum (p < 0.001). Independent of age, selection for high protein accretion
increased IGFBP-3 and IGFBP-2 (p < 0.001). In males, selection for high body mass and selection for
high protein mass had an effect on the concentrations of IGFBP-2 and IGFBP-3 in serum (p < 0.05) over
all age groups.

As an interaction of genetic group and age, in growth-selected obese and lean male mice (Figure 4),
levels of IGFBP-3 at the age of 11 and 16 weeks were increased if compared to age-matched unselected
controls (p < 0.05). In lean male mice, IGFBP-3 remained on a higher level also at later time points,
with significant differences if compared to obese male mice and unselected controls at the age of 29
and 54 weeks (p < 0.05). Growth selection further stimulated the increase of IGFBP-2 from younger
ages to week 16, observed in unselected controls, resulting in about 3-fold increased levels of IGFBP-2
in serum from lean male mice (p < 0.001). Between 4 and 11 weeks of age, a significant increase of
IGFBP-4 was observed (p < 0.01) in all males independent of line. In all genetic groups and in both
genders, the postnatal increase of IGFBP-3 in serum is lagging behind the increases of IGF-1.

3.5. Longitudinal Molar Ratio of IGF-1 and IGFBP Concentrations in Serum

In order to estimate the longitudinal molar ratio of IGF-1 with respect to the IGFBPs detected in
serum by Western ligand blotting, the concentrations of IGF-1 and IGFBP-2 to -4 were corrected for their
respective molecular weights (IGF-1: 7.5 kDa, IGFBP-2: 32 kDa, IGFBP-3: 41 kDa, IGFBP-4: 24 kDa).
The longitudinal molar ratio of IGF-1 versus the sum of IGFBP-2, IGFBP-3, and IGFBP-4 is presented in
Figure 5. Neither in female nor in male mice of all genetic groups, IGF-1 was in molar excess over
the sum of IGFBP-2 to -4. As an effect of age and genetic group, between weeks 2 and 4, there was a
significant increase in all groups and genders (p < 0.001) with the exception of female controls (p < 0.05).
At the age of 4 weeks, obese male and female mice have higher ratios of IGF-1/IGFBPs if compared to
unselected controls (p < 0.05).
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Figure 5. Molar ratio of IGF-1 to the sum of IGFBP-2, -3, and -4 (left Y-axis) present in serum from mice
selected for high body weight (obese), for high protein amount (lean), and in unselected controls at an
age of 2, 4, 7, 11, 16, 29, 42, and 54 weeks (n ≥ 7 with the exception of obese male at 54 weeks with n = 4;
different letters indicate significant effects of age; identical letters indicate no statistically significant
difference; *: p < 0.05; ***: p < 0.001; b+: significantly different if compared to unselected controls, with
p < 0.001 for males and p < 0.05 for females). On the right Y-axis, daily weight increases, intrapolated
from the body weight data in Figure 1 by the Gompertz function, were included.
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4. Discussion

Functional genome analysis in genotype-based (transgenic or knockout) mouse models has identified
multiple functions of the IGF system for somatic growth [26–28]. By contrast, descriptive studies
using phenotype-derived mouse models have been used to a much lesser extent. Nevertheless,
phenotype-derived models can provide important information on growth regulation under physiological
conditions and may also be useful for the identification and validation of biomarkers.

For the establishment of those models, phenotype selection in mice was initiated in 1976 in
Dummerstorf (Germany) based on a mixed genetic background comprising four different inbred and
four different outbred mouse models [10]. Growth selection has been performed with respect to male
body weight at the age of 42 days, resulting in an obese model characterized by extreme body weight
and marked obesity resulting in the DU6 mouse model [5]. In addition, a lean mouse model (DU6P)
has been developed from the identical genetic background by selection for high protein amount in the
whole body [29]. Line-specific accumulation of body fat and the accretion of muscle mass over time
is described elsewhere [3,8]. Here we describe endocrine parameters of IGF-related growth in male
and female mice from obese and lean mice, compared to unselected controls, in a longitudinal setting.
For the analysis, we included exclusively intact IGFBPs (IGFBP-2 to -4) detectable in serum by Western
ligand blotting.

Line-, gender- and age-specific growth characteristics were identified by the statistical model
with significantly higher body mass in obese versus lean mice. Higher body mass in growth-selected
mice is reflected by higher daily weight gains and prolonged pubertal growth if compared to
unselected controls.

As published before [29] and confirmed here, after birth, obese and lean mice are characterized by
substantial increases of serum IGF-1 concentrations if compared to controls, which might nicely explain
higher growth activity in both mouse models. However, IGF-1 and GH have common and independent
effects during early postnatal growth [30]. Therefore, we have to consider the IGF-independent
effects of growth hormone during the earlier postnatal growth period but also the effects of IGF-2.
The potential effects of the embryonal growth factor IGF-2 [31], which also can have positive effects
on body weight after birth [32], need to be studied in a separate study. Although daily weight gain
declined between 17 and 27.5 days of age in all mice included in that study, the concentrations of
IGF-1 in the circulation remained elevated until an age of at least 7 weeks. The elevated levels of IGF-1
therefore cannot explain the massive reductions of growth activity in mice between 4 and 7 weeks of
age. In female but not male human subjects, IGF-1 concentrations also lag behind the peak weight
gain in males and females [16,33]. Accordingly, highest IGF-1 serum concentrations were found at
the age of about 14.6 years in male and female human subjects [17], whereas peak weight gain was
referred to an age of 12 years in females and 14 years in males [34]. The clear decrease of serum IGF-1
concentrations, at least in male mice between week four and week 26 of age, identifies peak-like kinetic
for serum IGF-1 concentrations as also found in human subjects [16]. In female mice, a decrease of
serum IGF-1 concentrations is less clear and was only found in obese mice. In unselected controls, a
peak-like pattern is virtually absent. This is a clear difference if compared to human subjects, where
serum IGF-1 concentrations were clearly lower in adults compared to younger subjects [16].

In order to understand why daily weight gain was reversed in the presence of high or elevated
IGF-1 serum concentrations, we studied serum IGFBP concentrations in all samples. In all male genetic
groups, IGFBP-2 concentrations were reduced directly after birth between two and four weeks of age
(effect of age by gender for males: p < 0.001). The reductions in male mice between two and four weeks
were characterized by outmost uniformity as the curves were overlaying each other, and the standard
deviations were comparably low. Another clear feature of longitudinal IGFBP-expression was seen in
strong increases of IGFBP-3 in male and female mice between four and 11 weeks of age. In human
subjects of both genders, IGFBP-3 increased during the growth period until the age of 20 years [17,35].

In lean and obese male mice, serum IGFBP-2 concentrations were elevated at week 16 after birth
compared to earlier time points. In female mice, a postnatal increase occurred one month earlier at
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week 11 and was significant compared to two, four, and seven weeks of age, independent of the genetic
group (data not shown). Due to gender-specific patterns of longitudinal IGFBP-2 concentrations in
serum, females from all genetic groups had significantly lower levels of IGFBP-2 compared with their
male littermates at the age of 16 weeks. In human serum, concentrations of IGFBP-2 are one order of
magnitude lower compared to IGFBP-3 and decrease from childhood to adolescence [36], similar to
mice. With advanced age in humans, concentrations of IGFBP-2 in serum increase, with the highest
levels found during senescence [37,38]. Accordingly, we may have similarities between mice and
humans only during the initial postnatal growth period.

Similar to IGFBP-2, serum levels of IGFBP-4 were reduced between weeks 2 and 4 in male mice
but significantly increased in both genders between week 4 and 16 independent of group (p < 0.001).
In healthy human subjects, serum IGFBP-4 concentrations did not change with age [39].

The molar ratio of IGF-1 to the molar sum of all IGFBPs identified in serum by Western ligand
blotting was characterized by significant increases between week 2 and week 4 in all groups. Thereby,
the IGF/IGFBP ratios reached their lifetime maxima when growth activity was also high in mice.
In obese mice, at the age of four weeks, the IGF-1/IGFBP ratio was also significantly increased compared
to unselected controls, which may explain at least part of the higher growth activity under conditions of
growth selection. The overlay of IGF-1/IGFBP ratios with the daily weight increases are only partial in
unselected controls of both genders. This may indicate that the extended periods of growth activity in
growth-selected mice may be related to elevated IGF-1 and/or elevated IGF-1 bioactivity. As provided
by data from larger groups of mice (data not shown), growth-selected mice are heavier already at
the time of birth, where we could not identify higher IGF-1 or IGF-1/IGFBP ratios. From work in
genotype-derived mouse models, we know that in particular, IGF-II and GH or other hormones like
insulin have an effect on early growth and development [30]. As also mentioned earlier, the potential
roles of these hormones have to be addressed in future studies. In all groups and genders, the kinetics
of serum IGFBP-3 concentrations are lagging behind those of serum IGF-1 concentrations. Thereby, a
mechanism may be generated for the establishment of acutely high IGF-1/IGFBP ratios. By contrast,
a delayed increase of IGFBP-3 versus IGF-1 was definitely not described in humans. According to
published reference levels [17], male and female children at the age of about five years already had
an increase of 75% of their maximal IGFBP-3 during adulthood. Thus, a delayed increase of IGFBP-3
versus IGF-1 was definitely not described in humans [16,17], which could be due to species differences
or the different analytical systems used.

To date, it is unclear how such a shift is established in mice. In general, the altered expression of
IGFBPs on the level of RNA and/or protein or altered stability of IGFBPs in biological matrices may be
causative of altered concentrations of IGFBPs and thus altered bioactivity of IGF-1. An involvement of
IGFBP-proteolysis for the control of height attainment has been suggested by Marouli et al. [4]. In this
study, an allele of stanniocalcin 2 was characterized, which was less efficient in blocking proteolytic
activity of PAPP-A. Just recently, it was demonstrated that PAPPA-2, which represents a candidate gene
for growth regulation in mice as well [40], is significantly decreased during childhood and negatively
correlated with intact IGFBP-3 in humans [23].

However, this study has distinct limitations. First of all, due to the longitudinal and initially
descriptive approach, the number in every single age group was comparably small and further reduced
by higher mortality with age, particularly in male obese mice. Accordingly, the highest age group
with 4 replicates in obese males can be considered less reliable. In the future, higher sample numbers
should be chosen in selected groups also for confirmatory studies. Furthermore, IGFBP-3 is present in
a ternary complex, whereas IGFBP-2 and IGFBP-4 are present in binary complexes only. Therefore,
differential pharmacokinetic properties can be expected for the different types of complexes. Therefore,
the present study followed a simplistic approach by combining IGFBP-2 to -4 for the estimation of
IGF-1 to IGFBP ratios. Future studies also would have to consider the concentrations of IGFBP-1, -5,
and -6, which were not detected by Western ligand blotting due to lower sensitivity compared e.g.,
to ELISA. Furthermore, the different compounds from the GH/IGF-system are inter-related, as GH
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and IGF-1 are particular determinants of IGFBP concentrations. Finally, the physiological relevance
of IGF to IGFBP ratios less than 1 needs to be addressed in future studies. This could be achieved
by the analysis of free IGF-1 or IGF-related bioactivity in animals characterized by different IGF to
IGFBP ratios.

To summarize, we have characterized longitudinal concentrations of IGF-1 and intact IGFBP-2 to
-4 in serum from two different mouse lines selected for high growth and unselected controls in both
genders. We compared the IGF-1/IGFBP ratios with daily weight gain and were able to provide evidence
that part of the elevated growth activity during prepubertal growth in normal and growth-selected
mice could be related to elevated bioactivity of IGF-1. Elevated ratios of IGF-1/IGFBPs are established
by a delayed increase of IGFBPs compared to strong increases of IGF-1 between 2 and 4 weeks of age.

We therefore may be in a position to distinguish two phases of IGF-1 related growth during early
postnatal development: acceleration of postnatal growth by elevated serum IGF-1 concentrations
followed by a phase of deceleration due to the delayed increase of IGFBPs in serum.
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Abstract: While the growth hormone/insulin-like growth factor-1 (GH/IGF-1) pathway plays essential
roles in growth and development, diminished signaling via this pathway in model organisms extends
lifespan and health-span. In humans, circulating IGF-1 and IGF-binding proteins 3 and 1 (IGFBP-3
and 1), surrogate measures of GH/IGF-1 system activity, have not been consistently associated with
morbidity and mortality. In a prospective cohort of independently-living older adults (n = 840,
mean age 76.1 ± 6.8 years, 54.5% female, median follow-up 6.9 years), we evaluated the age- and
sex-adjusted hazards for all-cause mortality and incident age-related diseases, including cardiovascular
disease, diabetes, cancer, and multiple-domain cognitive impairment (MDCI), as predicted by baseline
total serum IGF-1, IGF-1/IGFBP-3 molar ratio, IGFBP-3, and IGFBP-1 levels. All-cause mortality was
positively associated with IGF-1/IGFBP-3 molar ratio (HR 1.28, 95% CI 1.05–1.57) and negatively with
IGFBP-3 (HR 0.82, 95% CI 0.680–0.998). High serum IGF-1 predicted greater risk for MDCI (HR 1.56,
95% CI 1.08–2.26) and composite incident morbidity (HR 1.242, 95% CI 1.004–1.538), whereas high
IGFBP-1 predicted lower risk for diabetes (HR 0.50, 95% CI 0.29–0.88). In conclusion, higher IGF-1
levels and bioavailability predicted mortality and morbidity risk, supporting the hypothesis that
diminished GH/IGF-1 signaling may contribute to human longevity and health-span.

Keywords: IGF-1; IGFBP-3; IGFBP-1; older adults; longevity; health-span; age-related disease;
cognitive impairment; diabetes

1. Introduction

The rise in age-related diseases and disability that accompany advanced age presents a burden
to economies, health care systems, and individuals worldwide [1]. Evidence from model organisms
demonstrates that aging is a biologically regulated process that can be modulated to extend lifespan
and health-span [2]. The evolutionarily conserved growth hormone/insulin-like growth factor-1
(GH/IGF-1) pathway, which plays essential roles in growth, development, and metabolism, has been
recognized as one key regulator of aging [3]. In invertebrates, attenuated signaling in pathways
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homologous to mammalian IGF-1 dramatically extends lifespan [4,5]. Similarly, mutant rodents
with diminished GH and/or IGF-1 secretion or signaling exhibit lifespan extension of 25–60% [6–10].
They also display extended health-span, including delayed age-related impairments in cognition,
musculoskeletal function, glucose homeostasis, immunosenescence and cancer [6–8,11–14]. On the
other hand, overexpression of GH/IGF-1 in transgenic rodents accelerates age-related pathologies and
dramatically reduces lifespan [15,16].

However, the role of the GH/IGF-1 system in human aging and longevity is still uncertain.
In humans, profound reduction or enhancement in GH/IGF-1 signaling has consequences for survival
and health that replicate some of those noted in experimental models. For instance, individuals
with GH receptor deficiency are protected from lethal malignancies and type 2 diabetes, although
their lifespan is not prolonged [17]. On the other hand, patients with acromegaly, characterized by
hypersecretion of GH, have increased risk for premature cardiovascular disease, diabetes, malignancy,
and mortality [18–20]. Nonetheless, epidemiologic studies investigating the relationship between
circulating levels of IGF-1, which are used as a proxy for the activity of GH/IGF-1 axis in humans [21],
and clinical outcomes have yielded inconsistent findings. While our group and others found inverse
relationship between IGF-1 levels and survival [22,23], a number of studies reported positive [24,25] or
null [26] associations. Furthermore, IGF-1 levels have been reported to have opposite effects on risk for
different age-related diseases. For instance, lower levels of IGF-1 were associated with increased risk
for cardiovascular disease [27,28], while high IGF-1 levels were related to increased risk for cancer [29];
although the findings were not consistent in all studies [30].

Several reasons may contribute to the inconsistent findings above. First, the activity of the GH/IGF-1
axis and levels of circulating IGF-1 are affected by acute [31] and chronic illness [32]; this introduces
the possibility of “reverse causation” in some studies conducted in high-risk populations [25]. Second,
numerous epidemiologic studies investigated associations between IGF-1 and morbidity and mortality
in cohorts with wide age-ranges under the assumption that the effect of IGF-1 would be similar in
younger and older adults [33,34]. Furthermore, total IGF-1 does not represent bioavailable IGF-1 [21]:
Almost all circulating IGF-1 is bound to six IGF-binding proteins (IGFBP-1-6), leaving <1% of IGF-1
in a free form, bioavailable to bind to its receptors [35]. In addition to providing a long-lasting
pool of circulating IGF-1, IGFBPs closely regulate biological functions of IGF-1 through controlled
inhibition and promotion of IGF-1 interactions with its receptor [36]. Since measuring free IGF-1
remains challenging [37], the molar ratio of total IGF-1 to IGFBP-3, the most abundant IGFBP in
circulation, is commonly used as a proxy for bioavailable IGF-1 [21]. Finally, other elements of the
GH/IGF-1 system, including IGFBP-3 and IGFBP-1, have been implicated in human disease and survival,
independent of IGF-1 [38,39]. Therefore, our aim was to prospectively investigate the associations
between several components of the GH/IGF-1 pathway, including total IGF-1, IGF-1/IGFBP-3 molar
ratio, IGFBP-3, and IGFBP-1, with mortality and incidence of major age-associated diseases in a cohort
of independently-living older adults with majority in general good health at enrollment.

2. Materials and Methods

2.1. Human Cohort Data Acquisition

LonGenity is an ongoing longitudinal study initiated in 2008, that seeks to identify genotypes and
phenotypes that protect from age-related diseases and promote exceptional longevity in humans [40].
The LonGenity cohort is composed of Ashkenazi Jewish older adults and about half of the cohort has a
parental history of exceptional longevity, defined as having at least one parent survive to 95 years of age.
Other inclusion criteria include baseline age ≥ 65 years or older and being free of significant cognitive
impairment at baseline. Study participants are extensively characterized at annual visits, which include
medical history and neurocognitive testing. Baseline IGF-1 and related protein measurements were
available for 877 (54.5% female) study participants. Among this group, 37 individuals only completed
the baseline visit and thus, were excluded from this analysis. Among the 840 participants included in
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this study, 20 did not have complete physical examinations as they either declined or were unable
to do so due to mobility issues and were therefore missing body mass index (BMI) measurements.
Fasting blood samples were also collected biannually at follow up visits. The LonGenity study was
approved by the institutional review board (IRB) at the Albert Einstein College of Medicine. Informed
consent was obtained from all study participants.

2.2. Biochemical Measurements

Biochemical measurements were performed as previously described [41]. Total IGF-1 levels
were measured by liquid chromatography/mass spectrometry at Quest Diagnostics Nichols Institute
laboratories (Quest, San Juan Capistrano, CA, USA) in serum collected at baseline and subsequently
stored at −80 ◦C. For IGF-1, the limit of quantification (LOQ) was 15.6 ng/mL and the coefficient of
variance (CV) was 3.3%, 3.1%, 2.8%, and 5% for the low (mean 57.2 ng/mL), medium (mean 248 ng/mL),
high (mean 447.1 ng/mL) Bio-Rad quality controls and pooled human serum in-house control
(mean 104 ng/mL), respectively. IGFBP-3 levels were measured at Quest with a chemiluminescent
immuno-metric assay (Siemens Immulite 2000; Siemens Healthineers AG, Erlangen, Bavaria, Germany).
IGFBP-1 levels were measured at Quest with a radioimmunoassay. For IGFBP-1, the LOQ was 5 ng/mL,
and the CV was 9.3%, 10.1%, and 8.5% for the low (mean 19.2 ng/mL), medium (mean 53.5 ng/mL)
and high (mean 111.3 ng/mL) controls, respectively. For IGFBP-3 the LOQ was 0.5 mg/L, and the CV
was 5.1%, 6.1%, and 6.5% for the low (mean 0.90 mg/L), high (mean 3.56 mg/L), and in-house controls,
respectively. The IGF-1/IGFBP-3 molar ratio was calculated by dividing measured serum total IGF-1
and IGFBP-3 levels by their molecular weights (7649 Daltons and 31,673 Daltons, respectively), and then
calculating the ratio between the two quantities [42,43]. Insulin was measured by radioimmunoassay at
the Albert Einstein College of Medicine Biomarker Analytic Research Core (BARC). Due to limitations
in sample volume, IGFBP-3 was measured in 828 subjects, IGF-1 in 761, IGFBP-1 in 728 subjects,
and insulin in 801 subjects.

2.3. Disease Definitions

Three of the age-associated morbidities in this study, cardiovascular disease, diabetes, and cancer,
were selected because they represent major causes of morbidity and mortality in the aging
population [44]. These morbidities were defined using a combination of self-reported questionnaire
data, medical records, and laboratory results. Cardiovascular disease was defined as having a history
of myocardial infarction, stroke, or cardiac procedure such as percutaneous coronary intervention or
coronary artery bypass grafting surgery. Diabetes was defined as a self-reported history of diabetes,
a fasting blood glucose of 126 mg/dL or greater, or a hemoglobin A1C level of 6.5% or greater. Cancer was
defined as a self-reported history of any malignancy, excluding non-melanoma skin cancers.

We also investigated multiple-domain cognitive impairment (MDCI), as it was previously
shown that individuals with MDCI with memory involvement have high rates of progression to
Alzheimer’s disease [45], which is a major cause of morbidity and mortality in older individuals [44].
MDCI was assigned by the neuropsychology team under the direction of the study neuropsychologist.
Annual neurocognitive batteries evaluating memory, language, visuospatial, attention, and executive
cognitive domains were double scored and age normed. As controversy remains about optimal cut-off
scores [46], performances 1.5 SD below the age-appropriate mean were defined as impaired [45].
Multiple-domain cognitive impairment assignment was made when participants had impaired
performance on at least one measure of memory and impaired performance on at least one measure in
another cognitive domain.

Composite incident morbidity was a composite outcome defined as onset of either cardiovascular
disease, diabetes, cancer, or MDCI during study follow-up. To maximize power for the incident
morbidity analysis, individuals with pre-existing disease were included in the analysis and were
monitored for the onset of an additional age-associated morbidity. For the single disease analyses,
individuals with that particular disease at baseline were excluded from the analysis (e.g., individuals

19



Cells 2020, 9, 1368

with baseline diabetes were excluded from all analyses of incident diabetes but were included in the
incident morbidity analysis).

2.4. Statistical Analysis

Statistical analysis was performed using custom scripts in Python (version 3.6), a general-purpose
programming language. For all analyses tracking a particular biochemical measurement—IGF-1,
IGFBP-1, IGFBP-3, or IGF-1/IGFBP-3 molar ratio—the participants were dichotomized into high and
low groups using sex-specific medians of their baseline measurements. The median IGF-1 for men
was 123 ng/mL and for women it was 105.5 ng/mL. Thus, the “low IGF-1” group was formed by
combining men and women with IGF-1 levels below the sex-specific medians and the “high IGF-1”
group was formed by combining men and women with IGF-1 levels at or above the sex-specific
medians. “High” and “low” groups for analyses of IGFBP-1 (median 14 ng/mL in males, 18 ng/mL in
females), IGFBP-3 (median 3.5 mg/L in males, 4.1 mg/L in females), and IGF-1/IGFBP-3 ratio (median
0.15 in males, 0.11 in females) were all formed by this procedure.

For comparison of baseline characteristics, normally distributed continuous variables (age and
biochemical measurements) were compared using a two-tailed student’s t-test. Normality was
confirmed by visual inspection of the histograms. Categorical variables were compared using either a
chi-squared test of homogeneity (deaths) or a binomial test (number of participants). Results were
considered statistically significant at p-value < 0.05.

Unadjusted survival curves for “high” and “low” groups of participants were generated using
the Kaplan–Meier method for censored data and the survival curves were compared using log-rank
tests. In addition, Cox proportional hazards models adjusted for sex and age at study enrollment were
fit to the dichotomized biochemical measures and a clinical outcome of interest. The analyses were
further stratified by sex, in order to identify any sex-specific differences in the association between
dichotomized biochemical measures and clinical outcomes of interest. Interaction between age and
dichotomized biochemical measures were investigated in mortality models stratified by median age
at enrollment. Additionally, models were adjusted for dichotomized IGF-1 levels to investigate the
independent associations between IGFBPs and clinical outcomes. BMI and insulin levels were included
as covariates in models that predicted incidence of diabetes.

3. Results

3.1. Baseline Characteristics of Study Cohort

The study included 840 subjects (54.5% female), whose baseline characteristics are shown in
Table 1 and in Tables S1 and S2. The median follow-up time for mortality was 6.9 years (interquartile
range 4.6–8.5 years). The average age of the cohort was 76.1 ± 6.8 years, with no significant difference
between men and women (p = 0.39). Men, on average, had higher serum IGF-1 levels (p < 0.001)
and IGF-1/IGFBP-3 molar ratios (p < 0.001), but lower IGFBP-1 (p < 0.001) and IGFBP-3 (p < 0.001)
compared to women. The average age was significantly older in subjects with low IGF-1 compared to
those with high IGF-1 in the combined cohort (p = 0.04) and among men in the sex-stratified analysis
(p = 0.02), (Table S2). Over the course of follow-up, 13.9% of study participants died. At baseline,
prevalence of morbidities was as follows: cardiovascular disease 12.7%, diabetes 10.5%, cancer 22.1%,
and MDCI 3.0% (Table S1).
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Table 1. Baseline characteristics of study cohort. All p-values are for comparisons between males
and females.

All Male Female p-Value

Number of Individuals, n (%) 840 382 (45.5) 458 (54.5) 0.01

Deaths, n (%) 117 (13.9) 65 (17.0) 52 (11.4) 0.02

Age (years), mean ± SD 76.1 ± 6.8 76.4 ± 7.0 76.0 ± 6.7 0.39

BMI (kg/m2), mean ± SD, n = 820 27.6 ± 4.7 27.9 ± 3.9 27.3 ± 5.3 0.053

Insulin (mIU/L), mean ± SD, n = 801 15.4 ± 12.3 16.6 ± 15.7 14.5 ± 8.3 0.02

IGF-1 (ng/mL), mean ± SD, n = 761 117 ± 38 127 ± 39 108 ± 36 <0.001

IGFBP-1 (ng/mL), mean ± SD, n = 728 19 ± 15 17 ± 14 21 ± 15 <0.001

IGFBP-3 (mg/L), mean ± SD, n = 828 3.9 ± 1.0 3.6 ± 0.9 4.2 ± 1.0 <0.001

IGF-1/IGFBP-3 Molar Ratio, n = 749 0.13 ± 0.04 0.15 ± 0.04 0.11 ± 0.03 <0.001

3.2. IGF-Associated Proteins and Mortality: Low IGFBP-3 and High IGF-1/IGFBP-3 Molar Ratio Predict
Mortality Risk

In unadjusted analysis, baseline IGF-1 levels were not predictive of mortality risk (Figure 1a–c).
Upon adjustment for baseline age, we observed a non-significant trend towards higher mortality
hazard with high IGF-1 levels in women (HR = 1.28, 95% CI 0.96–1.71, p = 0.09; Figure 2c). High levels
of IGFBP-1, compared to low levels, were associated with significantly higher mortality risk in the
overall cohort (p < 0.001) and among men (p < 0.001), (Figure 1d–f), but the associations became
non-significant upon adjustment for age and sex (Figure 2a–c). On the other hand, high levels of
IGFBP-3 predicted a lower mortality risk in an unadjusted analysis of the overall cohort (p < 0.001),
as well as in men (p = 0.005) and women (p = 0.003) (Figure 1g–i). The difference in mortality risk
between subjects with high vs. low IGFBP-3 remained significant upon adjusting for age and sex in the
overall cohort (HR 0.82, 95% CI 0.680–0.998, p = 0.048), while in sex-stratified analysis associations
retained the same direction but lost statistical significance (Figure 2a–c). Further adjustment for IGF-1
did not significantly alter the association between IGFBP-3 and mortality in the overall cohort (HR 0.71,
95% CI 0.56–0.89, p = 0.003) and strengthened it in women (HR 0.60, 95% CI 0.43–0.84, p = 0.003), but the
association in men remained non-significant (HR 0.85, 95% CI 0.62–1.17 p = 0.32). High IGF-1/IGFBP-3
molar ratio, which is an estimate of circulating free IGF-1, was associated with higher mortality risk in
the overall cohort (p = 0.002) and in women (p = 0.003) in unadjusted analysis (Figure 1j–l), and these
associations persisted upon adjustment for age and sex (HR 1.28, 95% CI 1.05–1.57, p = 0.02 and HR
1.53, 95% CI 1.12–2.09, p = 0.007, respectively) (Figure 2a–c). After exclusion of 5 participants (4 males,
1 female) who died during the first year of follow-up, associations between IGF-1 and related proteins
with mortality remained largely unchanged (data not shown).

Stratification by median participant baseline age showed consistent associations of IGF-related
proteins and mortality between the two age groups (Figure S1), with the exception of IGFBP-1,
which was significantly positively associated with mortality in younger (HR 1.60, 95% CI 1.04–2.46,
p = 0.03) but not in older participants (HR 0.98, 95% CI 0.78–1.22, p = 0.85). High IGF-1, on the other
hand, was more strongly associated with mortality among older women (HR 1.47, 95% CI 1.03–2.08,
p = 0.03) compared with younger women (HR 1.10, 95% CI 0.64–1.87, p = 0.73).
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Figure 1. Insulin-like growth factor (IGF)-associated proteins and mortality. Unadjusted survival
curves for individuals with high and low levels of IGF-1 (a. combined cohort; b. males; c. females),
IGFBP-1 (d–f), IGFBP-3 (g–i), and IGF-1/IGFBP-3 molar ratio (j–l).
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Figure 2. IGF-associated proteins and mortality hazard. Sex and age-adjusted survival hazards for
combined cohort (a) and age-adjusted survival hazard for males (b) and females (c) with high levels of
IGF-associated proteins as compared to individuals with low levels.

3.3. IGF-Associated Proteins and Morbidity: High IGF-1 Predicts Risk for MDCI and Age-Related Composite
Morbidity while Low IGFBP-1 Predicts Risk for Diabetes

High IGF-1 levels, compared to low IGF-1 levels, were associated with greater risk for incident
MDCI in the overall cohort (p = 0.04) and in men (p = 0.045). These associations remained significant
after adjusting for baseline age and sex, with HR 1.56, 95% CI 1.08–2.26, p = 0.02 and HR 1.81, 95% CI
1.04–3.16, p = 0.04 for MDCI in the overall cohort and in men, respectively. Similarly, we observed a
greater risk with high IGF-1 for composite incident morbidity in the overall cohort (p = 0.04) and in
men (p = 0.03) (Figure 3), which remained significant after adjustments (HR 1.242, 95% CI 1.004–1.538,
p = 0.046 and HR 1.44, 95% CI 1.04–2.01, p = 0.03, respectively; Figure 4). High IGFBP-1, compared to
low IGFBP-1 level, was also associated with higher risk for incident MDCI in men (p = 0.004), but not
in the overall cohort (p = 0.11) or in women (p = 0.43), (Figure 5). After adjusting for age and sex,
the association between IGFBP-1 level and MDCI hazard became non-significant (Figure 6). On the
other hand, high IGFBP-1 was associated with reduced diabetes risk in the overall cohort in unadjusted
analysis (p = 0.01), (Figure 5). In age- and sex-adjusted analysis, high IGFBP-1 remained significantly
associated with protection from incident diabetes in the overall cohort (HR 0.50, 95% CI 0.29–0.88,
p = 0.02) and in men (HR 0.31, 95% CI 0.10–0.92, p = 0.03; Figure 6). These associations persisted upon
inclusion of IGF-1 as a covariate in the age- and sex-adjusted model (HR 0.50, 95% CI 0.29–0.89, p = 0.02
in the overall cohort; HR 0.30, 95% CI 0.10–0.89, p = 0.03 in men). However, when body mass index
(BMI) and insulin levels were added to the model, the association between IGFBP-1 and diabetes was
attenuated and no longer significant (HR 0.47, 95% CI 0.21–1.03, p = 0.06 in the overall cohort; HR 0.66,
95% CI 0.26–1.67, p = 0.38 in men). Levels of IGFBP-3 were not significantly associated with risk of any
of the investigated age-related diseases (Figures S2 and S3). Associations between high IGF-1/IGFBP-3
ratio and MDCI risk were in the same directions as those between IGF-1 and MDCI, but they reached
statistical significance only among women in both unadjusted (p = 0.04) and age-adjusted analyses
(HR 1.81, 95% CI 1.03–3.21, p = 0.04), (Figures S4 and S5).
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Figure 3. IGF-1 levels and morbidity. Unadjusted survival curves for multiple-domain cognitive
impairment (MDCI) (a. combined cohort; b. males; c. females), diabetes (d–f), cardiovascular disease
(g–i), cancer (j–l), and composite incident morbidity (m–o) in individuals with high and low levels
of IGF-1.
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Figure 4. IGF-1 and morbidity hazard. Sex and age-adjusted morbidity hazards for all individuals in
cohort (a), and age-adjusted morbidity hazards for males (b) and females (c) with high levels of IGF-1
as compared to individuals with low levels.

 

Figure 5. IGFBP-1 levels and morbidity. Unadjusted survival curves for MDCI (a. combined cohort;
b. males; c. females), diabetes (d–f), cardiovascular disease (g–i), cancer (j–l), and composite incident
morbidity (m–o) in individuals with high and low levels of IGFBP-1.
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Figure 6. IGFBP-1 and morbidity hazard. Sex and age-adjusted morbidity hazards for all individuals
(a), and age-adjusted morbidity hazard for males (b) and females (c) with high levels of IGFBP-1 as
compared to individuals with low levels.

4. Discussion

In a longitudinal cohort of independently living older adults in generally good health, we found
that IGF-1 and associated proteins predicted all-cause mortality and incidence of age-related diseases,
including MDCI, diabetes, and composite incident morbidity. High IGF-1/IGFBP-3 molar ratio, which is
considered an estimate of bioavailable IGF-1 [21], predicted a 28% greater risk of mortality, while high
baseline IGF-1 level predicted a 56% greater risk for MDCI and a 24% greater risk for composite
incident morbidity. The rationale for studying a morbidity composite that includes several major
diseases is that aging is a risk factor for all age-related diseases. Therefore, a biological process that
accelerates aging is expected to increase the risk for multiple age-associated diseases [47]. Our results
confirm findings from model organisms [6–8] and cohorts with exceptional longevity [22,23,41],
which demonstrated that attenuated IGF-1 levels or bioavailability were predictive of extended lifespan
and health-span. While these findings are consistent with several other epidemiologic studies [48],
we provide additional evidence for the role of GH/IGF-1 axis in mortality and morbidity, specifically
among older adults. We have also shown that IGFBP-3 and IGFBP-1 predict mortality and diabetes,
respectively. This contributes to the growing body of evidence that IGFBPs, in addition to their classical
roles in regulating IGF-1 bioavailability, may also exert independent effects on lifespan and health-span.

The results from our study support the theory that diminished IGF-1 levels and bioavailability
promote longevity and prolonged health-span in humans. The longevity-promoting mechanisms
of diminished GH/IGF-1 signaling are well-studied in animal models and include improved stress
defense, autophagy and cell survival via reduced PI3K/Akt and mTOR signaling [49,50]. Data from
human studies have also shown that GH receptor deficiency improves defense from oxidative stress in
healthy tissues and promotes apoptosis in neoplastic cells [17]. In genetic studies, mutations in the
IGF-1 receptor that result in partial IGF-1 resistance [51] and polymorphisms in genes in insulin/IGF-1
signaling pathway [52,53], were associated with exceptional longevity. In exceptionally long-lived
human cohorts, our group and others have shown that lower levels of IGF-1 and IGF-1/IGFBP-3 molar
ratio predict longer survival [22,23], better cognitive function [41], and better functional status [23].
On the other hand, studies in older individuals who were not of exceptionally old age have shown
inconsistent results. While one study in community-dwelling older adults found lower IGF-1 levels to
be associated with decreased mortality [48], other studies in individuals with high cardiovascular risk
found associations with increased mortality [24,25], or null results [26,38]. Our results offer additional
evidence in support of lower IGF-1 levels being associated with reduced mortality and may bring us
closer to resolving these inconsistencies.

It is important to note that the same IGF-1 level can represent different physiological states
depending on the context and population studied. For instance, IGF-1 levels may be low due to an
acute illness [31] or chronic disease [32], which could lead to findings of an inverse association between
IGF-1 levels and mortality as a result of “reverse causation”. On the other hand, low IGF-1 level may
reflect a lifelong diminished IGF-1 signaling due to genetic variants that may confer longevity. In fact,
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the relationship between IGF-1 levels and mortality may be bimodal in a heterogeneous population,
as shown in a meta-analysis that included 12 studies and more than 14,000 subjects [54]. The association
of low IGF-1 levels with mortality may reflect the presence of chronic disease, while the association
of high IGF-1 levels with mortality might reflect life-long higher IGF-1 exposure. Our cohort was
in good overall health, with relatively low prevalence of chronic diseases [55,56] and our findings
were confirmed upon exclusion of those who died within the first year of follow-up. Therefore,
the associations between IGF-1 levels and mortality were unlikely to be affected by pre-existing
comorbid conditions and suggest protection by reduced IGF-1 signaling per se. The age of the cohort
should also be taken into consideration. Since IGF-1 levels naturally decline with age [57], a low IGF-1
level in a younger individual may reflect an underlying disease or accelerated aging, whereas a low
IGF-1 level in an older individual may reflect healthy physiology. Thus, age-interaction is important to
consider in any analysis. Since our cohort was composed only of older individuals, it would not have
been surprising not to find interactions between age and IGF-1-associated measures in prediction of
mortality risk. However, even in this older cohort (mean age 76.0 for females) we detected a signal
for greater hazard of mortality with higher IGF-1 in a subgroup of females above median age (mean
age 81.8 years), which further supports the theory that high IGF-1 may be particularly detrimental in
older individuals. In our cohort, low baseline IGF-1 bioavailability and levels predicted both delayed
occurrence of age-associated morbidities and longer survival, supporting the notion that diminished
IGF-1 signaling is associated with delayed aging. Furthermore, by conducting our analysis in a
relatively healthy cohort of older age, we minimized many potential confounders.

Higher IGF-1 levels in our cohort were associated with incident MDCI. While the role of IGF-1
system in cognitive aging has been extensively studied, prior findings have not been conclusive [58].
Cross-sectional studies in middle-aged and older individuals have reported both positive [59,60] and
negative [41,61] correlations between circulating IGF-1 levels and cognitive performance. Prospective
studies have similarly shown conflicting findings. A study in older women, using phone-based
neurocognitive assessments, found positive association between baseline IGF-1 and future cognitive
performance [62]. The opposite was found in men of similar age in a study that used more
comprehensive, in-person neurocognitive evaluations [61]. Some of these conflicting findings may
be attributed to heterogeneity between the study populations, methods of cognitive assessment,
and definitions of cognitive outcomes [58]. The comprehensive in-person neurocognitive assessments
and diagnosis of MDCI, established by a neuropsychologist, increase confidence in the validity of our
findings. Furthermore, the biological effects of IGF-1 on the brain may vary depending on age and type
of insult [58]. IGF-1 promotes neurogenesis, synaptogenesis, myelination, and cell survival, which are
important for brain development and repair after an acute injury [63,64]. On the other hand, IGF-1
increases oxidative stress and inhibits both autophagy and stress responses, leading to diminished
cell resilience and accumulation of aberrant proteins and other cellular debris [49,65]. Consistent with
these experimental data, interventional trials did not confirm protective cognitive effects of IGF-1 in
older adults [66,67]. Presence of high levels of IGF-1 is therefore beneficial for the brain during youth
and after an acute insult, but may be detrimental during aging and in evolving neurodegenerative
diseases [58], which is supported by our results. As prior studies have shown that older individuals
with MDCI with memory involvement have a high rate of conversion to Alzheimer’s disease [45],
it will be important to further explore the role of IGF-1 in progression from cognitive impairment to
Alzheimer’s disease in cohorts with larger number of participants and/or longer follow-up.

Our findings reaffirmed the negative association between IGFBP-3 and all-cause mortality
previously noted by other studies [33,34,38]. Furthermore, we confirmed that the association between
IGFBP-3 and all-cause mortality is independent from IGF-1 levels, as previously suggested [33,34,38].
These epidemiologic observations of IGFBP-3′s independent effects are supported by experimental
evidence and possibly involve two different mechanisms. First, the functional nuclear localization
sequence of IGFBP-3 allows it to enter the nucleus [68], where it has been shown to alter gene
expression [69]. Second, IGFBP-3 may bind to a cell-surface receptor lipoprotein receptor-related
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protein-1 (LRP-1), which was shown to mediate inhibitory effects of IGFBP-3 on cellular growth [70].
Experimental [71,72] and epidemiologic studies [34] suggest that IGFBP-3 may exert its protective
effects by reducing cancer-related mortality. However, not all studies have been consistent [73,74] and
power limitations in our study precluded cause-specific mortality analysis.

While low levels of IGFBP-1 have been associated with increased risk for diabetes in middle-aged
individuals [75–77], our study is among the first to show that low IGFBP-1 levels may predict diabetes
in older adults. Circulating IGFBP-1, which is produced mainly by the liver, is normally suppressed in
postprandial state by hyperinsulinemia [78] and increased glycolysis [79]. As the levels of IGFBP-1
fluctuate throughout the day in response to feeding and fasting, it acutely regulates the availability
of free IGF-1, which has insulin-sensitizing effects [80]. In adipose tissue, IGFBP-1 inhibits IGF-1
stimulated proliferation of preadipocytes [81], resulting in reduced fat mass [82]. At the same time,
IGFBP-1 may promote insulin secretion and glucose uptake independently of IGF-1, via binding to a
cell-surface integrin receptor [83]. In line with these experimental findings, several cross-sectional and
prospective epidemiologic studies have associated low IGFBP-1 levels with obesity [84], high fasting
insulin [75], impaired glucose tolerance, and diabetes [75,76,85] in middle-aged individuals. However,
prospective data on the association between IGFBP-1 and diabetes risk in older adults are scarce.
In our cohort of older adults, we found in an age-adjusted analysis that low IGFBP-1 predicted risk for
diabetes. This association persisted after adjusting for IGF-1 but was attenuated with inclusion of BMI
and insulin in the model. These findings indicate that the protective effects of high IGFBP-1 against
diabetes may be partly mediated by lower BMI and related enhanced insulin sensitivity in individuals
with high IGFBP-1.

The sex-stratified analysis highlighted that some of the studied associations may be sex-specific
or preferential. For instance, we found that IGF-1/IGFBP-3 molar ratio may be a better predictor of
mortality in women than in men, similar to the findings from many rodent [6,10,11] and human [22]
studies. It is well known that levels of various elements of the GH/IGF-1 system vary between men
and women. Men have higher levels of IGF-1 and IGF-1/IGFBP-3 molar ratio, whereas women have
higher levels of IGFBP-3 and IGFBP-1 [21,86]. Women also have diminished physiologic response
to GH, which translates into lower IGF-1 levels and alterations in body water and fat content [87].
However, it is not established whether these differences contribute to observed divergence in mortality
and morbidity between men and women. Future studies are needed to clarify if hormonal or other
sex-specific factors interact with signaling in the GH/IGF-1 pathway.

Although our study possesses many unique strengths, it also has some limitations. Assessment
of GH/IGF-1 pathway activity in humans remains challenging due to the inherent complexity of this
biological system [36]. Additionally, it has been noted that total IGF-1 level may be an imperfect
proxy for bioavailable IGF-1 [88]. However, the high-affinity with which IGF-1 binds to IGFBPs has
limited the development of a reliable laboratory assay for measuring free IGF-1 [37]. We therefore used
IGF-1/IGFBP-3 molar ratio as an estimate of free IGF-1, similar to a number of previous studies [23,89–91].
IGF-1/IGFBP-3 ratio has been shown to positively correlate with free IGF-1 [92] and has been associated
with a number of clinical outcomes, including functional status in nonagenarians [23], metabolic
disease [89,90], and neoplastic diseases [91,93]. Regardless of the selected measure, a single measure
of IGF-1 level and its associated proteins does not capture adequately the life-long exposure to
IGF-1; thus, a longitudinal study with repeated measures would be needed to investigate the role of
IGF-1 trajectories in human longevity and health-span. Another important member of the GH/IGF-1
system and the most abundant IGF in circulation is IGF-2. IGF-2, which has been implicated in
disease [91,94], binds to the same IGFBPs and receptors as IGF-1, although at lower affinity, and signals
via shared pathways with IGF-1 [95]; however, assessment of IGF-2 levels was out of scope of this study.
Additionally, due to general good health of our cohort [55,56], there were relatively few incident disease
events, which limited our power to study some of the age-related disease outcomes, in particular in
sex-stratified analyses. However, the fact that our cohort was in good health allowed us to interpret
our findings more reliably in the context of healthy aging and to minimize confounding that may
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arise from alterations in the GH/IGF-1 axis as a result of disease. Furthermore, all study samples
were collected in the morning and under fasting conditions. This was particularly relevant for the
interpretation of IGFBP-1 levels, which normally fluctuate in relation to prandial status; yet, not all
prior studies have been able to establish these conditions [39].

In conclusion, our findings indicate that higher IGF-1 levels and/or bioavailability are predictive
of mortality and morbidity risk. These results support the hypothesis that diminished signaling
via GH/IGF-1 pathway may contribute to longevity and health-span in humans. If the detrimental
effects of high IGF-1 signaling in older adults are confirmed by larger studies with longer follow-up
time, then the GH/IGF-1 pathway may represent a promising target for therapies that delay aging.
A monoclonal antibody that targets IGF-1 receptor (IGF-1R) and decreases IGF-1 signaling has already
been shown to increase health-span and lifespan in middle-age female mice [96]. In fact, several FDA
approved drugs that inhibit GH/IGF-1 signaling are currently in clinical use for other indications.
For example, pegvisomant, a growth hormone receptor antagonist, is used for normalizing IGF-1
levels in acromegaly [97] and teprotumumab, which antagonizes IGF-1R, is used to treat thyroid eye
disease [98]. These drugs could be readily repurposed for slowing aging in clinical trials. The findings
in our study highlight the relevance of this evolutionarily conserved longevity pathway in human
aging, and underscore the importance of future studies. In particular, investigating the longitudinal
trajectories of circulating IGF-1 and associated proteins and genetically quantifying GH/IGF-1 signaling
could serve to strengthen the causal connection between the GH/IGF-1 pathway and human aging.
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Abstract: The insulin-like growth factor (IGF) system regulates metabolic and mitogenic signaling
through an intricate network of related receptors and hormones. IGF-II is one of several hormones
within this system that primarily regulates mitogenic functions and is especially important during
fetal growth and development. IGF-II is also found to be overexpressed in several cancer types,
promoting growth and survival. It is also unique in the IGF system as it acts through both IGF-1R
and insulin receptor isoform A (IR-A). Despite this, IGF-II is the least investigated ligand of the
IGF system. This review will explore recent developments in IGF-II research including a structure
of IGF-II bound to IGF-1R determined using cryo-electron microscopy (cryoEM). Comparisons are
made with the structures of insulin and IGF-I bound to their cognate receptors. Finally discussed are
outstanding questions in the mechanism of action of IGF-II with the goal of developing antagonists
of IGF action in cancer.

Keywords: IGF-II; insulin-like growth factor; IGF-1R; insulin receptor; IR-A; structural studies;
receptor activation

1. Introduction

The insulin-like growth factor (IGF) system controls metabolic and mitogenic responses in mammalian
cells and importantly regulates embryonic growth and development as well as adult growth [1]. The IGF
system is regulated by three structurally similar ligands, IGF-I, IGF-II and insulin (Figure 1). These ligands
act via one or more of the three related receptor tyrosine kinases: the two splice variants of the insulin
receptor (IR-A and IR-B) and the type 1 Insulin-like growth factor receptor (IGF-1R). IR-B signaling is
responsible for the classic IR metabolic activities. IGF-II is unique in that it can activate both IGF-1R and
IR-A to promote cell growth and survival. However, of the three ligands, the molecular mechanisms
underlying IGF-II action are the least understood. For this reason, this review will focus on IGF-II. There
is some evidence to suggest that IGF-II, IGF-I and insulin can promote shared and unique signaling
outcomes through IGF-1R and IR [2,3]. However, IGF-II specific actions are generally attributed to tissue
specific expression. This review will highlight new discoveries regarding IGF-II, including a cryo-electron
microscopy (cryoEM) structure of IGF-II bound to IGF-1R that has provided vital information on the
structure and function of IGF-II.

IGF-II plays important roles in fetal growth and development, when it is most abundant [4,5].
Notably, IGF-II fetal plasma concentrations are several fold higher than that of IGF-I [6]. Knockout of
Igf2 leads to a 60% reduction in weight at birth [7]. IGF-II serum concentrations in many mammalian
species decline rapidly after birth [8–10]. Interestingly, in adult mice, IGF-II serum levels are barely
detectable, whereas in humans it is the more abundant IGF ligand [11]. In humans, the IGF2 is
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maternally imprinted and only expressed from the paternal allele. Gain of methylation at the regulatory
H19 locus on the paternal allele causes underexpression of IGF-II and results in undergrowth syndromes
(Russell-Silver syndrome), which can include a variety of phenotypes including prenatal growth
deficiency, facial dysmorphic features and developmental delay [12,13]. Alternatively, overexpression
of IGF-II can produce an overgrowth syndrome (Beckwith–Wiedemann syndrome), which can include
macroglossia, macrosomia, and abdominal wall defects [12,13]. For a detailed review of the genetic
regulation of IGF-II expression in physiology and disease refer to [14].

Figure 1. (a) Sequence alignment of IGF-II, IGF-I and insulin proteins. Domains are indicated above.
Each peptide has three alpha helices; B-chain helix 1 (Blue), A-chain helix 2 (orange) and A-chain helix
3 (red). Residue numbers are indicated below each sequence. (b) Ribbon structures of the IGF and
insulin proteins (PDB: 1IGL, 1GZR and 1MSO respectively). The three disulfide bonds in each protein
are represented in yellow.

At the tissue level, IGF-II promotes cell growth and survival. It regulates bone growth by promoting
proper timing of chondrocyte maturation and perichondrial cell differentiation and survival [15].
Overexpression of Igf2 in smooth muscle and pancreatic beta cells results in the development of
cardiovascular defects and type 2 diabetes [16,17]. Conversely, knockout of placental Igf2 leads to
reduced placental growth and fetal growth restriction [18]. IGF-II is most abundant in the fetal and adult
brain, primarily produced by the choroid plexus but also the leptomeninges and endothelial cells [19–23].
IGF-II has been identified in cerebral spinal fluid and has been found to promote neurogenesis in
the subventricular and subgranular zone of the adult brain [24–26]. Several investigations have
also identified that IGF-II promotes stem cell self-renewal through activation of IR-A. For example,
IGF-II:IR-A signaling supports neural stem cell maintenance and the expansion of neural progenitor
cells [27]. This role in stem cell renewal extends to other tissues, as identified using stem cell specific
knockout of Igf2 in young adults in which growth of intestinal stem cells is also inhibited [28].

IGF-II action is highly regulated by its interaction with soluble IGF binding proteins, including
IGF-II specific IGFBP-6. IGFBPs retain IGF-II in circulation and deliver it to target tissues [29].
In addition, the type 2 IGF receptor (IGF-2R, also called cation-independent mannose-6-phosphate
receptor) is responsible for the control of circulating IGF-II levels, by binding to IGF-II with high affinity
and targeting it for lysosomal degradation [30,31].

2. IGF-II and Cancer

It is well established that abnormal function of the IGF system promotes growth and metastasis of
the 3 most commonly diagnosed cancers: breast, prostate and colorectal [32–34]. It also promotes growth
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and survival of brain, thyroid and ovarian cancers among others [11,14]. Specifically, dysregulation
of IGF-II expression has been associated with cancer progression [11]. IGF-II expression is often
upregulated in these cancers [33–35] and often results in both autocrine and paracrine effects [36].
For example, in the MDA-MB-157 breast cancer cell line, autocrine production of IGF-II stimulates
cell growth though IR-A activation while expression in stromal and epithelial tissue of breast cancer
specimens acts in both autocrine and paracrine manners [37]. Loss of imprinted IGF-II expression has
been documented in many forms of cancer, leading to increased levels of intratumoural IGF-II, thereby
promoting cell growth and tumorigenesis [34,38,39]. Interestingly, the mechanism by which loss of
imprinting occurs has recently been investigated and found to involve overexpression of an intronic
miRNA (miR-483-5p) found within the IGF2 gene [40]. miR-483-5p increases IGF-II transcription at the
fetal promoter [40].

In cancer, IGF-II can act via IGF-1R and/or IR-A and these autocrine/paracrine signaling loops
are regularly observed [41]. IGF-1R, which promotes cell growth and survival, is also commonly
upregulated in cancers such as breast, colorectal and prostate cancer [35,41,42]. In contrast to IR-B
that signals through metabolic pathways, IR-A has mitogenic signaling capabilities that are important
during development when IR-A is most abundantly expressed [33]. IR-A is only expressed at very low
levels in most adult cells [43]. However, in malignant cells, including breast, thyroid, colon and prostate
cancer, IR is over expressed, and IR-A is the predominant isoform [33,44]. IGF-II:IR-A signaling also
supports maintenance of tumour stem and progenitor cells [45,46]. Concomitant upregulation of both
IGF-II and IR-A signaling thus provides cancer cells and tumour stem cells with an additional growth
and survival mechanism [11].

3. IGF-II Signaling

The biological processes that IGF-II promotes result from activation of signaling pathways through
its binding to the extracellular region of IR-A or IGF-1R. The overall mechanisms of binding of
IGF-II, IGF-I and insulin to IGF-1R and IR are conserved. Receptor binding results in structural
rearrangement of the receptor (further discussed below) causing autophosphorylation of the tyrosine
kinase (TK) domains on the intracellular region of the receptor [47,48]. Extensive studies conducted
by Cabail et al. [49] have determined that in the unbound state, each monomer is autoinhibited by
self-interaction of the activation loop within its TK active site, thereby precluding the binding of ATP.
Upon ligand binding, structural rearrangement occurs allowing the juxtamembrane (JM) domain of
one monomer to interact with the TK domain of the opposite monomer. This releases the autoinhibitory
state and allows for the binding of ATP and subsequent substrate phosphorylation.

The first signaling step upon IGF-II, IGF-I, and insulin binding to their cognate receptors involves
phosphorylation of three tyrosine residues within the activation loop of the TK domain (IGF-1R: Y1131,
Y1135, and Y1136 and IR: Y1158, Y1162 and Y1163) [47,50]. Subsequently, residue Y950 (IGF-1R) or its
equivalent Y960 (IR) is phosphorylated [51]. This creates a docking site for IR substrates (IRS) and Shc
(Figure 2), which are then phosphorylated [52]. Subsequent to receptor activation, two main signaling
pathways are activated, the phosphoinositide 3-kinase (PI3K)-Akt/protein kinase B (PKB) pathway,
responsible for metabolic responses and the Ras-mitogen-activated protein kinase (MAPK) pathway,
resulting in mitogenic responses (cell growth, differentiation, and gene expression) [48,53,54].

37



Cells 2020, 9, 2276

Figure 2. The Insulin and IGF system. Insulin, IGF-I and IGF-II bind with different affinities to IR-B,
IR-A and IGF-1R (indicatd by thickness of arrows). IGF-II binds with high affinity to both IGF-1R and
IR-A, and with low affinity to IR-B. Upon receptor binding, a structural change leads to activation of the
intracellular tyrosine kinase domain and autophosphorylation (indicated by P). IRS1/2 and Shc adapter
proteins are recruited and two main signaling pathways are activated: the Akt/PKB and the Ras/MAPK
pathways. Metabolic and mitogenic activities are promoted, respectively. (Adapted from: [48]).

4. How does IGF-II Bind and Activate IGF-1R and IR-A?

In order to understand how IGF-II promotes normal cell growth and survival and to develop ways
to inhibit its action in cancer, a detailed knowledge of the molecular mechanisms underlying IGF-II
receptor binding and activation is required. Our understanding so far has largely been derived through
site-directed mutagenesis and comparative structural studies, with a recent cryoEM study revealing
the structure of IGF-II bound to IGF-1R. The details of our current understanding will now follow.

4.1. IGF-II Structure

IGF-II is a 67 amino acid single chain polypeptide with sequence and structural similarity to IGF-I
(70 amino acids) and insulin (51 amino acid two-chain peptide) (Figure 1). Sequence alignments of the
IGFs and insulin (Figure 1a) reveal 50% sequence homology between the B- and A-domains of the
IGFs and the equivalent domains of insulin [1]. Three intrachain disulfide bonds hold together the
specific three-dimensional structure, which comprises three α-helices (Figure 1b). IGF-I and IGF-II
each comprise four domains: B, C, A and D [55]. Insulin, in contrast, is a two-chained mature protein
composed of A and B domains joined together by two inter-chain disulfide bonds and having one
intra-chain disulfide bond within the A chain (Figure 1b) [56].

IGF-II contacts the receptor through two surfaces originally defined by site-directed mutagenesis
that are named site 1 and site 2. Equivalent residues of IGF-I and insulin are involved in binding
IGF-1R and IR, respectively (Table 1).

4.2. Receptor Structure, Mechanism of Binding and Activation

IR-A, IR-B and IGF-1R are similar in amino acid sequence and structure (Figure 3a). The two IR
isoforms differ by the expression of exon 11, which consists of 12 amino acids that are absent in IR-A
splice variant. The receptors are disulfide-linked (αβ)2 homodimers and the extracellular domains of
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each αβ monomer assemble in an anti-parallel, Λ-shaped conformation, generating two equivalent
ligand binding regions. In the apo (unbound) state, the sites of membrane entry are situated far apart,
thereby holding the intracellular tyrosine kinase in an inactive monomeric state (Figure 3b left) [57,58].
Site-directed mutagenesis and structural studies have identified two binding surfaces within each
binding region (site 1 and site 2) that represent high- and low-affinity binding sites, respectively.
Upon ligand binding, the receptors undergo extensive structural change, whereby the FnIII stalks
come close together, permitting dimerization of the intracellular region to release the autoinhibition of
the TK domains (Figure 3b right). Notably, such a conformation is as predicted by Kavran et al. [59] to
be essential for IGF-1R activation.

Molecular detail of receptor binding in the extracellular domain has been derived from a series
of crystallographic and cryoEM studies of IGF-1R and IR in the holo and soluble ectodomain forms.
The α-chain C-terminal (αCT) helices of each monomer lie on the L1 surface of the opposing monomers
to form site 1 [57,58]. The αCT shifts to accommodate the ligand, which makes contact via its site
1 residues [60,61]. As defined by Weis et al. [62], site 1 contacts made between the ligand and the
receptor L1 and αCT domains [62–64]. In the case of IGF-II and IGF-I binding IGF-1R as well as insulin
binding IR, the residues identified in site-directed mutagenesis studies correspond to those involved in
this site 1 interaction (Table 1). Several additional residues were revealed in these structures to contact
the L1 and αCT and can now be defined as site 1 residues (Table 1).

Figure 3. (a) Domain structure of IGF-1R and IR receptor tyrosine kinases. Individual αβ monomers
are indicated by blue and orange outline. IGF-1R and IR have a high degree of sequence homology
and therefore comprise the same domains: first and second leucine-rich repeat domains (L1 and L2),
cysteine-rich domain (CR), first, second and third type-III fibronectin -like domains (FnIII-1, 2, and 3),
insert domain (ID), α-chain C-terminal domain (αCT), transmembrane domain (TM), juxtamembrane
domain, (JM), tyrosine kinase (TK), C-terminal domain (CT). Arrows indicate regions involved in
ligand binding. (b) Schematic representation of the mechanism of ligand binding. Side view of binding
pocket shown in blue dotted box. In the unbound (apo) state (left) the receptor forms an open Λ-shape
with FnIII-3 legs situated far apart. Ligand binding is likely to involve a transient interaction (middle)
followed by major structural rearrangement forming a J-shape active conformation (right) where the
FnIII-3 legs of the receptor are in close proximity. In turn, a structural change occurs in the intracellular
domains leading to autophosphorylation by the TK.
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Table 1. Binding site 1 and 2 residues of insulin, IGF-I and IGF-II. Residues identified as contacting
the receptor through mutagenesis studies (coloured blue), structural studies (red) or both (black).
* Residues observed to make transient contact with the FnIII-1 domain of IR [64]. # Residues observed
to make transient contact with the FnIII-1 domain of IGF-1R [57]. a Asp45Ala IGF-I mutant results in
3-fold decrease in binding affinity [65].

IGF-II IGF-I [57,65] Insulin [64]

Site 1

Cys9

[63]

Cys6

[64]

CysB7

[62]

Leu13 Leu10 LeuB11
Leu17 Leu14 LeuB15
Asp23 Asp20 GluB21
Ser29 Asn26 ProB28
Arg30 Lys27
Thr58 Met59 AsnA18
Thr62 Lys65

Val14

[1,63]

Val11

[1,64]

ValB12

[62,65]

Gln18 Gln15 TyrB16
Gly25 Gly22 GlyB23
Phe26 Phe23 PheB24
Tyr27 Tyr24 PheB25
Phe28 Phe25 TyrB26

Tyr31
Arg36
Arg37

Gly41 Gly42 GlyA1
Ile42 Ile43 IleA2
Val43 Val44 ValA3

- Asp45 a GluA4
Glu45 Glu46 GluA5
Phe48 Phe49 ThrA8
Tyr59 Tyr60 TyrA19
Ala61 Ala62 AsnA21

Site 2

Glu6 [63] Glu3 [1] GlnB4 [62]
Thr7 [63] Thr4 [64] HisB5 [62]
Cys9 [63] Cys6 [64] CysB7 [62]
Glu12 [63,66] Glu9 # [64,67] HisB10 * [62,68]
Asp15 [66] Asp12 [64,67] GluB13 * [62,68]
Phe19 [66] Phe16 # [64,67] LeuB17 * [62,68]
Cys47 [63] Cys48 [64] CysA7 [62]

- - SerA12 [62,68]
Leu53 [66] Leu54 # [67] LeuA13 * [62,68]
Glu57 [66] Glu58 # [67] GluA17 * [62,68]

Recently, a structure of the IGF-II:IGF-1R complex was determined using cryoEM to an average
maximum resolution of 3.2 Å (Figure 4b) [63]. The site 1 ligand binding interaction is similar to the
previous insulin:IR and IGF-I:IGF-1R structures [64,69,70]. The IGF-II molecule contacts the L1, L2, αCT’,
and FnIII-1’ domains within the head region of the receptor (Figure 4c) [63]. The L1-CR + (αCT’) module
folds to the top of the receptor, permitting sparse interactions between IGF-II and the membrane- distal
loops of FnIII-1’, facilitated by an outward rotation of domain L2 from its location in the apo ectodomain.
The αCT’ helix on the L1 domain surface threads through the IGF-II C-domain loop (residues 33–40).
The C-terminal segment of the IGF-II B-domain is displaced from the core of the ligand (in the unbound
state) and engages with the receptor to make the site 1 interaction. The B chain of IGF-II is stabilized
by an interaction between IGF-II residue Arg30 and the hydroxyl group of IGF-1R residue Tyr28 and
possibly a salt bridge between IGF-II residue Arg38 and IGF-1R residue Glu305. The ligand forms
a ‘clip’ on the extended αCT helix in the active conformation, stabilizing a tight interaction between
L1-CR-L2 and αCT’ with only sparse interactions between the ligand and FnIII-1’ (Figure 4c) [63].
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Figure 4. (a) Crystal structure of the unbound (apo) IGF-1R ectodomain (PDB: 5U8R). In the apo state
the FnIII legs of the receptor are positioned far apart forming an open Λ-shape. Upon IGF-II (black)
binding, a major structural rearrangement occurs resulting in a J-shape conformation of the receptor
where the FnIII legs are in close proximity. (b) The activated conformation (PDB: 6VWI and 6VWJ)
is stabilized by the ligand clipping the αCT and L1 domains together, interactions through site 2 on
FnIII-1’, and potential salt bridges in the head region facilitated by ligand binding (between Glu687’
(αCT’) and Arg335 (domain L2), between residues Glu693’ (αCT’) and Arg488’ (domain FnIII-1’),
and between residues Lys690’ (αCT’) and Asp489’ (domain FnIII-1’)). (c) Zoom-in of the site 1 ligand
binding region between IGF-II and IGF-1R involving IGF-II B-domain residues; Cys9, Leu13, Val14,
Asp15, Leu17, Gln18, Asp23, Phe26, Tyr27, Phe28, Ser29, and Arg30 and the side chains of receptor
domain L1 residues Pro5, Ile7, Asp8, Arg10, Asn11, Leu33, Ser35, Ly36, Phe58, and Arg59, and the side
chains of receptor αCT’ residues His697’, F701’, Val 702’, and Pro705’. The IGF-II A-domain contacts
the receptor αCT’ domain (and not domain L1), with the interaction mediated by the side chains of
IGF-II residues Ile42, Val43, Glu44, Phe48, Thr58, Tyr59, and Thr62 and the side chains of receptor αCT’
residues Lys690’, Glu694’, His697’, Asn698’, Phe701’, Val702’, Pro703’, and Arg704’. (a–c) coloured as
in Figure 3.

This overall J-shaped conformation that brings the FnIII stalks together was seen previously in the
Weis et al. insulin:IR and Li et al. IGF-I:IGF-1R studies [62,64]. The IGF-II:IGF-1R complex structure [63]
was determined using a similar leucine-zippered receptor (IGF-1RZip) to that of the insulin receptor used
in the Weis et al. study [62]. The general topology of IGF-1RZip:IGF-II and IRZip:insulin structures also
reflects that of the recently reported holoIGF-1R:IGF-I structure [64], providing further evidence that this
is the common activated conformation. The asymmetry observed in the activated structure is necessary
for negative co-operativity, a hallmark of both IGF-1R and IR ligand binding summarized in a ‘harmonic
oscillator model’ by Kiselyov et al. [71], whereby binding of a second ligand (to the unoccupied receptor
binding pocket) accelerates the dissociation of the first bound ligand.

Looking at the molecular detail of the IGF-II:IGF-1R complex structure confirms that the IGF-II
site 1 residues identified by site-directed mutagenesis interact with IGF-1R site 1 (summarized in
Table 1 and Figure 4). This involves side chains of residues of the B-domain (Cys9, Leu13, Val14, Asp15,
Leu17, Gln18, Asp23, Phe26, Tyr27, Phe28, Ser29, and Arg30) contacting the L1 and αCT’ segment
and side chains of A-domain residues (Ile42, Val43, Glu44, Phe48, Thr58, Tyr59, and Thr62) contacting
the αCT’ segment (but not the L1). These side chain interactions are similar in the IRZip:insulin and
holoIGF-1R:IGF-I structures as the ligand sequences are highly conserved in these regions (Table 1).
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The major difference in the structures of IGF-1R ectodomain-bound IGF-II and IGF-I occurs in the
respective growth factor C-domains. In the receptor complex, the IGF-II C-domain residues 33–36 are
disordered, as are the adjacent receptor CR domain residues 258–265, suggesting that the C-domain
is too short to form stable interactions with the receptor in this region (Figure 5a) [63]. By contrast,
the C-domain of IGF-I in holoIGF-1R:IGF-I is relatively well ordered, with IGF-I residue Tyr31 in its
distal loop engaging receptor residues Pro5 and Pro256 (Figure 5a) [64]. Although the resolution of the
structure is low at IGF-I residues Arg36 and Arg37, they appear to contact IGF-1R L2 domain. With no
equivalent to Tyr31, the IGF-II C-domain instead appears to be stabilized by self-interactions (a salt
bridge with IGF-II residue Glu45 near the N terminus of the first helix of the IGF-II A-domain, and a
polar interaction with the IGF-II residue Ser39).

Figure 5. (a) Interaction of the C-domain (shown in yellow box) of IGF-II (grey) and IGF-I (black) with
IGF-1R (PDB: 6VWI and 6PYH, respectively). Domains of IGF-1R coloured as in Figure 3. Residues of
the CR and L1 domain engage with residue Tyr31 of IGF-I. Contact is also made between C-domain
residues Arg36 and Arg37 of IGF-I and the L2 domain. There is no equivalent C-domain residue in
IGF-II. (b) Site 2 contacts involve residues Glu12 of IGF-II and Glu9 IGF-I which contact FnIII-1 domain
residue Arg483 (dark green represents the IGF-1:IGF-1R structure and light green the IGF-II:IGF-1R
structure). (a,b) coloured as in Figure 3.

An as yet unexplained observation is the limited correlation of the site-directed mutagenesis data
for IGF-II site 2 residues (Table 1) and their involvement in binding in the IGF-II:IGF-1R complex
structure (Figure 5b). Of the residues defining site 2 by site-directed mutagenesis, only Glu12 appears
to contact the receptor FnIII-1’ in this activated conformation (Figure 5b). In addition, IGF-II B-domain
residues Glu6, Thr7, Cys9 and A-domain residues Cys47 and Phe48 are seen to contact the FnIII-1’ in
the IGF-II:IGF-1R complex structure, thereby completing the definition of site 2 (Table 1). A similar
conundrum was revealed by IGF-I:IGF-1R and insulin:IR complex structures and their corresponding
site-directed mutagenesis data (Table 1).

For both IGF-I:IGF-1R and insulin:IR complexes additional structures have been described that
have led to a proposed transient interaction of the ligand with a different site on the receptor. This may
represent the first site of contact for the ligand or an intermediate site to facilitate conformational change
of the ligand and receptor (schematically represented in Figure 3b, middle panel). In the case of insulin,
cryoEM structures of insulin-saturated IR constructs [69,70] identified potential transient binding sites
on the FnIII-1’ spanning residues Tyr477-488 and 552-554 involving all insulin site 2 residues (Table 1).
Such a site has not been reported for IGF:IGF-1R complexes. For IGF-I:IGF-1R, the first ligand-bound
ectodomain structure was determined by X-ray crystallography by Xu et al. [58]. This structure was
determined by ligand soaking in apo crystals, resulting in an induced fit of IGF-I to the L1- αCT’
binding site. In this structure, the receptor remained in the “apo/legs apart” conformation without
the major J-shaped rearrangement. Additional FnIII-2’ contacts (residues 788-792) were observed that
involved essentially all IGF-I site 2 residues identified by site-directed mutagenesis except Glu9 and
Asp12. It is possible that this interaction represents an IGF-1R transient binding site and suggests
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a major difference in the activation mechanism between the two receptors. Whether these transient
interactions also occur for IGF-II on IGF-1R and IGF-II on IR-A remains to be determined.

In summary, whilst IGF-II binds and activates IGF-1R through a similar mechanism to IGF-I,
there are some significant differences that likely explain their different binding affinities. Notably
the C-domain interactions are quite different, with IGF-II barely making receptor contact, whereas
IGF-I C-domain contributes to binding affinity through several contacts. How this influences ligand
specific signaling outcomes is still not understood. Importantly, no structure of IGF-II bound to IR-A
has been reported.

5. Conclusions and Implications of Structural Information for Developing Treatments for Disease

IGF-II plays a fundamental role in mammalian growth and fetal development. It is an important
regulator of bone growth and promotes cellular growth and survival. While IGF-II is the least investigated
ligand of the IGF system, the recently determined structure of IGF-II bound to IGF-1R has certainly
advanced our understanding of the mechanism of IGF-II binding and activation. This structural information
has confirmed that upon IGF-1R engagement, the receptor undergoes major structural rearrangement,
from an open Λ-shape conformation to a J-shaped structure where the legs of the receptor are brought into
contact in the active signaling conformation of the receptor. Comparison of IGF-I and IGF-II bound to
IGF-1R confirmed that the C-domain of IGF-I contacts the receptor, whereas IGF-II lacks an equivalent
contact. While site 1 contacts of IGF-II are in accordance with mutagenesis data, only one site 2 residue
is seen to contact the receptor (Glu12) as observed in IGF-I (Glu9) and insulin bound to IR (HisB10).
The remaining residues identified by mutagenesis as contacting the receptor may be involved in transient
interactions with the receptors. The same transient interaction is expected with IGF-II binding; however,
this is yet to be observed.

A detailed understanding of how IGF-II engages with its receptors and confers downstream signaling
activation is essential in developing drug therapies that target IGF action in cancer. The relatively minor
role of IGF-II in adult cell function means that blocking this pathway as a cancer therapy may have little
effect on healthy adult cells whilst slowing cancer cell growth. Currently, most approaches target IGF
action by directly blocking binding to IGF-1R:IGF-1R antibodies inhibit ligand binding and stimulate
receptor internalisation [34]. Such inhibitors have been shown to reduce growth of IGF-II dependent
cancers. However, increases in IGF-II:IR-A signaling can give rise to resistance to treatment [72,73],
highlighting the need for inhibitors of IGF-II acting via both IGF-1R and IR-A and the need for structural
data of IGF-II bound to IR-A. Such studies will further inform on how IGF-II is uniquely capable of
binding and activating both IR-A and IGF-1R with high affinity and will suggest strategies to design
inhibitors or allosteric regulators for the treatment of IGF-1R/IR-A regulated disease.

Author Contributions: All authors contributed equally to the writing and review of the manuscript. A.J.B. made
all figures. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: We acknowledge the contribution of Brian Smith (lipid disc structure, Figure 4).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Denley, A.; Cosgrove, L.J.; Booker, G.W.; Wallace, J.C.; Forbes, B.E. Molecular interactions of the IGF system.
Cytokine Growth Factor Rev. 2005, 16, 421–439. [CrossRef] [PubMed]

2. Versteyhe, S.; Klaproth, B.; Borup, R.; Palsgaard, J.; Jensen, M.; Gray, S.G.; De Meyts, P. IGF-I, IGF-II,
and Insulin Stimulate Different Gene Expression Responses through Binding to the IGF-I Receptor. Front.
Endocrinol. 2013, 4, 98. [CrossRef] [PubMed]

43



Cells 2020, 9, 2276

3. Morcavallo, A.; Gaspari, M.; Pandini, G.; Palummo, A.; Cuda, G.; Larsen, M.R.; Vigneri, R.; Belfiore, A.
Research resource: New and diverse substrates for the insulin receptor isoform A revealed by quantitative
proteomics after stimulation with IGF-II or insulin. Mol. Endocrinol. 2011, 25, 1456–1468. [CrossRef] [PubMed]

4. White, V.; Jawerbaum, A.; Mazzucco, M.B.; Gauster, M.; Desoye, G.; Hiden, U. IGF2 stimulates fetal growth
in a sex- and organ-dependent manner. Pediatric Res. 2018, 83, 183–189. [CrossRef] [PubMed]

5. Randhawa, R.; Cohen, P. The role of the insulin-like growth factor system in prenatal growth. Mol. Genet.
Metab. 2005, 86, 84–90. [CrossRef] [PubMed]

6. Agrogiannis, G.D.; Sifakis, S.; Patsouris, E.S.; Konstantinidou, A.E. Insulin-like growth factors in embryonic
and fetal growth and skeletal development (Review). Mol. Med. Rep. 2014, 10, 579–584. [CrossRef]

7. DeChiara, T.M.; Efstratiadis, A.; Robertson, E.J. A growth-deficiency phenotype in heterozygous mice
carrying an insulin-like growth factor II gene disrupted by targeting. Nature 1990, 345, 78–80. [CrossRef]

8. Stylianopoulou, F.; Efstratiadis, A.; Herbert, J.; Pintar, J. Pattern of the insulin-like growth factor II gene
expression during rat embryogenesis. Development 1988, 103, 497–506.

9. Soares, M.B.; Turken, A.; Ishii, D.; Mills, L.; Episkopou, V.; Cotter, S.; Zeitlin, S.; Efstratiadis, A. Rat insulin-like
growth factor II gene: A single gene with two promoters expressing a multitranscript family. J. Mol. Biol.
1986, 192, 737–752. [CrossRef]

10. Gluckman, P.D.; Butler, J.H. Parturition-related changes in insulin-like growth factors-I and -II in the perinatal
lamb. J. Endocrinol. 1983, 99, 223–232. [CrossRef]

11. Belfiore, A.; Malaguarnera, R.; Vella, V.; Lawrence, M.C.; Sciacca, L.; Frasca, F.; Morrione, A.; Vigneri, R.
Insulin Receptor Isoforms in Physiology and Disease: An Updated View. Endocr. Rev. 2017, 38, 379–431.
[CrossRef] [PubMed]

12. Smith, A.C.; Choufani, S.; Ferreira, J.C.; Weksberg, R. Growth regulation, imprinted genes, and chromosome
11p15. 5. Pediatric Res. 2007, 61, 43–47. [CrossRef] [PubMed]

13. Gicquel, C.; Le Bouc, Y. Hormonal regulation of fetal growth. Horm. Res. 2006, 65 (Suppl. 3), 28–33. [CrossRef]
14. Holly, J.M.P.; Biernacka, K.; Perks, C.M. The Neglected Insulin: IGF-II, a Metabolic Regulator with Implications

for Diabetes, Obesity, and Cancer. Cells 2019, 8, 1207. [CrossRef] [PubMed]
15. Yakar, S.; Werner, H.; Rosen, C.J. Insulin-like growth factors: Actions on the skeleton. J. Mol. Endocrinol.

2018, 61, T115–T137. [CrossRef]
16. Devedjian, J.C.; George, M.; Casellas, A.; Pujol, A.; Visa, J.; Pelegrín, M.; Gros, L.; Bosch, F. Transgenic mice

overexpressing insulin-like growth factor-II in beta cells develop type 2 diabetes. J. Clin. Investig. 2000, 105,
731–740. [CrossRef]

17. Zaina, S.; Pettersson, L.; Thomsen, A.B.; Chai, C.-M.; Qi, Z.; Thyberg, J.; Nilsson, J. Shortened life span,
bradycardia, and hypotension in mice with targeted expression of an Igf2 transgene in smooth muscle cells.
Endocrinology 2003, 144, 2695–2703. [CrossRef]

18. Constância, M.; Hemberger, M.; Hughes, J.; Dean, W.; Ferguson-Smith, A.; Fundele, R.; Stewart, F.; Kelsey, G.;
Fowden, A.; Sibley, C.; et al. Placental-specific IGF-II is a major modulator of placental and fetal growth.
Nature 2002, 417, 945–948. [CrossRef]

19. Ferron, S.; Radford, E.; Domingo-Muelas, A.; Kleine, I.; Ramme, A.; Gray, D.; Sandovici, I.; Constancia, M.;
Ward, A.; Menheniott, T. Differential genomic imprinting regulates paracrine and autocrine roles of IGF2 in
mouse adult neurogenesis. Nat. Commun. 2015, 6, 1–12. [CrossRef]

20. Charalambous, M.; Menheniott, T.R.; Bennett, W.R.; Kelly, S.M.; Dell, G.; Dandolo, L.; Ward, A. An enhancer
element at the Igf2/H19 locus drives gene expression in both imprinted and non-imprinted tissues. Dev. Biol.
2004, 271, 488–497. [CrossRef]

21. Feil, R.; Walter, J.; Allen, N.D.; Reik, W. Developmental control of allelic methylation in the imprinted mouse
Igf2 and H19 genes. Development 1994, 120, 2933–2943. [PubMed]

22. DeChiara, T.M.; Robertson, E.J.; Efstratiadis, A. Parental imprinting of the mouse insulin-like growth factor
II gene. Cell 1991, 64, 849–859. [CrossRef]

23. Stylianopoulou, F.; Herbert, J.; Soares, M.B.; Efstratiadis, A. Expression of the insulin-like growth factor II
gene in the choroid plexus and the leptomeninges of the adult rat central nervous system. Proc. Natl. Acad.
Sci. USA 1988, 85, 141–145. [CrossRef] [PubMed]

24. Ziegler, A.N.; Schneider, J.S.; Qin, M.; Tyler, W.A.; Pintar, J.E.; Fraidenraich, D.; Wood, T.L.; Levison, S.W.
IGF-II promotes stemness of neural restricted precursors. Stem Cells 2012, 30, 1265–1276. [CrossRef] [PubMed]

44



Cells 2020, 9, 2276

25. Bracko, O.; Singer, T.; Aigner, S.; Knobloch, M.; Winner, B.; Ray, J.; Clemenson, G.D.; Suh, H.;
Couillard-Despres, S.; Aigner, L. Gene expression profiling of neural stem cells and their neuronal progeny
reveals IGF2 as a regulator of adult hippocampal neurogenesis. J. Neurosci. 2012, 32, 3376–3387. [CrossRef]

26. Lehtinen, M.K.; Zappaterra, M.W.; Chen, X.; Yang, Y.J.; Hill, A.D.; Lun, M.; Maynard, T.; Gonzalez, D.;
Kim, S.; Ye, P.; et al. The cerebrospinal fluid provides a proliferative niche for neural progenitor cells. Neuron
2011, 69, 893–905. [CrossRef] [PubMed]

27. Ziegler, A.N.; Levison, S.W.; Wood, T.L. Insulin and IGF receptor signalling in neural-stem-cell homeostasis.
Nat. Rev. Endocrinol. 2015, 11, 161–170. [CrossRef]

28. Ziegler, A.N.; Feng, Q.; Chidambaram, S.; Testai, J.M.; Kumari, E.; Rothbard, D.E.; Constancia, M.; Sandovici, I.;
Cominski, T.; Pang, K.; et al. Insulin-like Growth Factor II: An Essential Adult Stem Cell Niche Constituent
in Brain and Intestine. Stem Cell Rep. 2019, 12, 816–830. [CrossRef]

29. Forbes, B.E.; McCarthy, P.; Norton, R.S. Insulin-like growth factor binding proteins: A structural perspective.
Front. Endocrinol. 2012, 3, 38. [CrossRef]

30. Brown, J.; Jones, E.Y.; Forbes, B.E. Interactions of IGF-II with the IGF2R/cation-independent mannose-6-
phosphate receptor mechanism and biological outcomes. Vitam. Horm. 2009, 80, 699–719. [CrossRef]

31. Brown, J.; Delaine, C.; Zaccheo, O.J.; Siebold, C.; Gilbert, R.J.; Van Boxel, G.; Denley, A.; Wallace, J.C.;
Hassan, A.B.; Forbes, B.E. Structure and functional analysis of the IGF-II/IGF2R interaction. EMBO J. 2008,
27, 265–276. [CrossRef]

32. Zha, J.; Lackner, M.R. Targeting the insulin-like growth factor receptor-1R pathway for cancer therapy.
Clin. Cancer Res. 2010, 16, 2512–2517. [CrossRef] [PubMed]

33. Belfiore, A.; Malaguarnera, R. Insulin receptor and cancer. Endocr. Relat. Cancer 2011, 18, R125–R147.
[CrossRef] [PubMed]

34. Livingstone, C. IGF2 and cancer. Endocr. Relat. Cancer 2013, 20, R321–R339. [CrossRef]
35. Pollak, M. Insulin and insulin-like growth factor signalling in neoplasia. Nat. Rev. Cancer 2008, 8, 915. [CrossRef]

[PubMed]
36. Samani, A.A.; Yakar, S.; LeRoith, D.; Brodt, P. The role of the IGF system in cancer growth and metastasis:

Overview and recent insights. Endocr. Rev. 2007, 28, 20–47. [CrossRef]
37. Sciacca, L.; Costantino, A.; Pandini, G.; Mineo, R.; Frasca, F.; Scalia, P.; Sbraccia, P.; Goldfine, I.D.; Vigneri, R.;

Belfiore, A. Insulin receptor activation by IGF-II in breast cancers: Evidence for a new autocrine/paracrine
mechanism. Oncogene 1999, 18, 2471–2479. [CrossRef]

38. Chao, W.; D’Amore, P.A. IGF2: Epigenetic regulation and role in development and disease. Cytokine Growth
Factor Rev. 2008, 19, 111–120. [CrossRef]

39. Harris, L.K.; Westwood, M. Biology and significance of signalling pathways activated by IGF-II. Growth
Factors 2012, 30, 1–12. [CrossRef]

40. Lui, J.C.; Baron, J. Evidence that Igf2 down-regulation in postnatal tissues and up-regulation in malignancies
is driven by transcription factor E2f3. Proc. Natl. Acad. Sci. USA 2013, 110, 6181–6186. [CrossRef]

41. Arcaro, A. Targeting the insulin-like growth factor-1 receptor in human cancer. Front. Pharmacol. 2013, 4, 30.
[CrossRef] [PubMed]

42. Gallagher, E.J.; LeRoith, D. The proliferating role of insulin and insulin-like growth factors in cancer. Trends
Endocrinol. Metab. TEM 2010, 21, 610–618. [CrossRef] [PubMed]

43. Denley, A.; Wallace, J.C.; Cosgrove, L.J.; Forbes, B.E. The insulin receptor isoform exon 11- (IR-A) in cancer
and other diseases: A review. Horm. Metab. Res. 2003, 35, 778–785. [CrossRef] [PubMed]

44. Giorgino, F.; Belfiore, A.; Milazzo, G.; Costantino, A.; Maddux, B.; Whittaker, J.; Goldfine, I.D.; Vigneri, R.
Overexpression of insulin receptors in fibroblast and ovary cells induces a ligand-mediated transformed
phenotype. Mol. Endocrinol. 1991, 5, 452. [CrossRef] [PubMed]

45. Vella, V.; Nicolosi, M.L.; Cantafio, P.; Massimino, M.; Lappano, R.; Vigneri, P.; Ciuni, R.; Gangemi, P.;
Morrione, A.; Malaguarnera, R.; et al. DDR1 regulates thyroid cancer cell differentiation via IGF-2/IR-A
autocrine signaling loop. Endocr. Relat. Cancer 2019, 26, 197–214. [CrossRef]

46. Tominaga, K.; Shimamura, T.; Kimura, N.; Murayama, T.; Matsubara, D.; Kanauchi, H.; Niida, A.; Shimizu, S.;
Nishioka, K.; Tsuji, E.I.; et al. Addiction to the IGF2-ID1-IGF2 circuit for maintenance of the breast cancer
stem-like cells. Oncogene 2017, 36, 1276–1286. [CrossRef]

47. Laviola, L.; Natalicchio, A.; Giorgino, F. The IGF-I signaling pathway. Curr. Pharm. Des. 2007, 13, 663–669.
[CrossRef]

45



Cells 2020, 9, 2276

48. Siddle, K. Signalling by insulin and IGF receptors: Supporting acts and new players. J. Mol. Endocrinol. 2011,
47, R1–R10. [CrossRef]

49. Cabail, M.Z.; Li, S.; Lemmon, E.; Bowen, M.E.; Hubbard, S.R.; Miller, W.T. The insulin and IGF1 receptor
kinase domains are functional dimers in the activated state. Nat. Commun. 2015, 6, 6406. [CrossRef]

50. Hubbard, S.R.; Wei, L.; Ellis, L.; Hendrickson, W.A. Crystal structure of the tyrosine kinase domain of the
human insulin receptor. Nature 1994, 372, 746–754. [CrossRef]

51. De Meyts, P.; Whittaker, J. Structural biology of insulin and IGF1 receptors: Implications for drug design.
Nat. Rev. Drug Discov. 2002, 1, 769–783. [CrossRef] [PubMed]

52. Hanke, S.; Mann, M. The phosphotyrosine interactome of the insulin receptor family and its substrates IRS-1
and IRS-2. Mol. Cell. Proteom. 2009, 8, 519–534. [CrossRef] [PubMed]

53. Taniguchi, C.M.; Emanuelli, B.; Kahn, C.R. Critical nodes in signalling pathways: Insights into insulin action.
Nat. Rev. Mol. Cell Biol. 2006, 7, 85–96. [CrossRef] [PubMed]

54. Hakuno, F.; Takahashi, S.I. IGF1 receptor signaling pathways. J. Mol. Endocrinol. 2018, 61, T69–T86. [CrossRef]
[PubMed]

55. Torres, A.M.; Forbes, B.E.; Aplin, S.E.; Wallace, J.C.; Francise, G.L.; Norton, R.S. Solution structure of human
insulin-like growthfactor II. Relationship to receptor and binding protein interactions. J. Mol. Biol. 1995, 248,
385–401. [CrossRef]

56. Smith, G.D.; Pangborn, W.A.; Blessing, R.H. The structure of T6 human insulin at 1.0 Å resolution. Acta Crystallogr.
Sect. D Biol. Crystallogr. 2003, 59, 474–482. [CrossRef] [PubMed]

57. McKern, N.M.; Lawrence, M.C.; Streltsov, V.A.; Lou, M.Z.; Adams, T.E.; Lovrecz, G.O.; Elleman, T.C.;
Richards, K.M.; Bentley, J.D.; Pilling, P.A.; et al. Structure of the insulin receptor ectodomain reveals a
folded-over conformation. Nature 2006, 443, 218–221. [CrossRef]

58. Xu, Y.; Kong, G.K.; Menting, J.G.; Margetts, M.B.; Delaine, C.A.; Jenkin, L.M.; Kiselyov, V.V.; De Meyts, P.;
Forbes, B.E.; Lawrence, M.C. How ligand binds to the type 1 insulin-like growth factor receptor. Nat. Commun.
2018, 9, 821. [CrossRef]

59. Kavran, J.M.; McCabe, J.M.; Byrne, P.O.; Connacher, M.K.; Wang, Z.; Ramek, A.; Sarabipour, S.; Shan, Y.;
Shaw, D.E.; Hristova, K. How IGF-1 activates its receptor. Elife 2014, 3, e03772. [CrossRef]

60. Lou, M.; Garrett, T.P.; McKern, N.M.; Hoyne, P.A.; Epa, V.C.; Bentley, J.D.; Lovrecz, G.O.; Cosgrove, L.J.;
Frenkel, M.J.; Ward, C.W. The first three domains of the insulin receptor differ structurally from the insulin-like
growth factor 1 receptor in the regions governing ligand specificity. Proc. Natl. Acad. Sci. USA 2006, 103,
12429–12434. [CrossRef]

61. Garrett, T.P.; McKern, N.M.; Lou, M.; Frenkel, M.J.; Bentley, J.D.; Lovrecz, G.O.; Elleman, T.C.; Cosgrove, L.J.;
Ward, C.W. Crystal structure of the first three domains of the type-1 insulin-like growth factor receptor.
Nature 1998, 394, 395–399. [CrossRef] [PubMed]

62. Weis, F.; Menting, J.G.; Margetts, M.B.; Chan, S.J.; Xu, Y.; Tennagels, N.; Wohlfart, P.; Langer, T.; Muller, C.W.;
Dreyer, M.K.; et al. The signalling conformation of the insulin receptor ectodomain. Nat. Commun. 2018, 9,
4420. [CrossRef] [PubMed]

63. Xu, Y.; Kirk, N.S.; Venugopal, H.; Margetts, M.B.; Croll, T.I.; Sandow, J.J.; Webb, A.I.; Delaine, C.A.; Forbes, B.E.;
Lawrence, M.C. How IGF-II Binds to the Human Type 1 Insulin-like Growth Factor Receptor. Structure 2020.
[CrossRef] [PubMed]

64. Li, J.; Choi, E.; Yu, H.; Bai, X.-c. Structural basis of the activation of type 1 insulin-like growth factor receptor.
Nat. Commun. 2019, 10, 4567. [CrossRef] [PubMed]

65. De Meyts, P. Insulin/receptor binding: The last piece of the puzzle. BioEssays 2015, 37, 389–397. [CrossRef]
[PubMed]

66. Alvino, C.L.; McNeil, K.A.; Ong, S.C.; Delaine, C.; Booker, G.W.; Wallace, J.C.; Whittaker, J.; Forbes, B.E.
A novel approach to identify two distinct receptor binding surfaces of insulin-like growth factor II. J. Biol.
Chem. 2009, 284, 7656–7664. [CrossRef]

67. Gauguin, L.; Delaine, C.; Alvino, C.L.; McNeil, K.A.; Wallace, J.C.; Forbes, B.E.; De Meyts, P. Alanine scanning
of a putative receptor binding surface of insulin-like growth factor-I. J. Biol. Chem. 2008, 283, 20821–20829.
[CrossRef] [PubMed]

68. Kristensen, C.; Kjeldsen, T.; Wiberg, F.C.; Schäffer, L.; Hach, M.; Havelund, S.; Bass, J.; Steiner, D.F.;
Andersen, A.S. Alanine scanning mutagenesis of insulin. J. Biol. Chem. 1997, 272, 12978–12983. [CrossRef]

46



Cells 2020, 9, 2276

69. Gutmann, T.; Schafer, I.B.; Poojari, C.; Brankatschk, B.; Vattulainen, I.; Strauss, M.; Coskun, U. Cryo-EM
structure of the complete and ligand-saturated insulin receptor ectodomain. J. Cell Biol. 2020, 219. [CrossRef]

70. Uchikawa, E.; Choi, E.; Shang, G.; Yu, H.; Bai, X.C. Activation mechanism of the insulin receptor revealed by
cryo-EM structure of the fully liganded receptor-ligand complex. Elife 2019, 8. [CrossRef]

71. Kiselyov, V.V.; Versteyhe, S.; Gauguin, L.; De Meyts, P. Harmonic oscillator model of the insulin and IGF1
receptors’ allosteric binding and activation. Mol. Syst. Biol. 2009, 5, 243. [CrossRef] [PubMed]

72. Belfiore, A.; Frasca, F.; Pandini, G.; Sciacca, L.; Vigneri, R. Insulin receptor isoforms and insulin receptor/
insulin-like growth factor receptor hybrids in physiology and disease. Endocr. Rev. 2009, 30, 586–623. [CrossRef]
[PubMed]

73. Gualberto, A.; Pollak, M. Emerging role of insulin-like growth factor receptor inhibitors in oncology: Early
clinical trial results and future directions. Oncogene 2009, 28, 3009–3021. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

47





cells

Review

Mechanisms of IGF-1-Mediated Regulation of
Skeletal Muscle Hypertrophy and Atrophy

Tadashi Yoshida 1,2,* and Patrice Delafontaine 1,2,*

1 Heart and Vascular Institute, John W. Deming Department of Medicine, Tulane University School of
Medicine, 1430 Tulane Ave SL-48, New Orleans, LA 70112, USA

2 Department of Physiology, Tulane University School of Medicine, 1430 Tulane Ave,
New Orleans, LA 70112, USA

* Correspondence: tyoshida@tulane.edu (T.Y.); pdelafon@tulane.edu (P.D.)

Received: 1 July 2020; Accepted: 19 August 2020; Published: 26 August 2020

Abstract: Insulin-like growth factor-1 (IGF-1) is a key growth factor that regulates both anabolic
and catabolic pathways in skeletal muscle. IGF-1 increases skeletal muscle protein synthesis via
PI3K/Akt/mTOR and PI3K/Akt/GSK3β pathways. PI3K/Akt can also inhibit FoxOs and suppress
transcription of E3 ubiquitin ligases that regulate ubiquitin proteasome system (UPS)-mediated
protein degradation. Autophagy is likely inhibited by IGF-1 via mTOR and FoxO signaling, although
the contribution of autophagy regulation in IGF-1-mediated inhibition of skeletal muscle atrophy
remains to be determined. Evidence has suggested that IGF-1/Akt can inhibit muscle atrophy-inducing
cytokine and myostatin signaling via inhibition of the NF-κB and Smad pathways, respectively.
Several miRNAs have been found to regulate IGF-1 signaling in skeletal muscle, and these miRs are
likely regulated in different pathological conditions and contribute to the development of muscle
atrophy. IGF-1 also potentiates skeletal muscle regeneration via activation of skeletal muscle stem
(satellite) cells, which may contribute to muscle hypertrophy and/or inhibit atrophy. Importantly,
IGF-1 levels and IGF-1R downstream signaling are suppressed in many chronic disease conditions
and likely result in muscle atrophy via the combined effects of altered protein synthesis, UPS activity,
autophagy, and muscle regeneration.

Keywords: insulin-like growth factor-1; skeletal muscle; hypertrophy; atrophy; cachexia; muscle
regeneration; autophagy

1. Introduction

Studies in various models in cell culture, animals, and humans have evaluated cytokines and
growth factors that can regulate muscle growth. Insulin-like growth factor-1 (IGF-1) is one of the
best-characterized growth factors, and it has been shown to modulate muscle size and play a critical
role in regulating muscle function. IGF-1 is thought to mediate many of the beneficial outcomes of
physical activity [1,2]. In a study analyzing healthy young subjects, circulating IGF-1 levels were
negatively associated with body fat, body mass index (BMI), and total cholesterol and positively
associated with aerobic fitness and muscular endurance parameters (VO2 peak, sit-ups, push-ups,
and repetitive squats) [3]. In contrast, lower IGF-1 levels were associated with various pathological
conditions including chronic diseases, inflammation, and malnutrition [4,5]. Since skeletal muscle cells,
or myofibers, are postmitotic, their size is determined by a balance between synthesis of new proteins
and degradation of old proteins. Under physiological conditions, the rates of protein synthesis and
degradation are balanced and the myofiber size is maintained. In cachectic conditions, on the contrary,
myofiber protein degradation is accelerated and protein synthesis rate is suppressed, resulting in
muscle weakness and fatigue. IGF-1 can regulate both protein synthesis and degradation pathways,
and changes in IGF-1 signaling in skeletal muscle can greatly affect myofiber size and function.
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This review summarizes and discusses different aspects of IGF-1-mediated protein synthetic and
degradation pathways in skeletal muscle and its potential application to therapies to treat patients
with reduced skeletal muscle function. The signaling pathways downstream of IGF-1 discussed in the
following sections are summarized in Figure 1.

Figure 1. IGF-1 signaling pathways. In the figure, the signaling molecules and miRNAs that activate
protein synthesis and/or inhibit protein degradation are shown in green, while the ones that inhibit
protein synthesis and/or activate protein degradation are shown in blue. The majority of IGF-1 in the
body are bound to IGFBP and IGFALS, and its activity is suppressed. Once IGF-1 binds to IGF-1R,
IRS-1 and PI3K are recruited and activated. PI3K converts PIP2 to PIP3, which activates PDK1 and
Akt. Akt activates protein synthesis via activation of ribosomal protein S6 and the translation initiation
factor eIF4E downstream of mTORC1, and activation of β-catenin and eIF2B downstream of GSK3β.
Akt can suppress UPS activity via inhibition of FoxO-mediated transcription of E3 ubiquitin ligases
MAFbx/Atrogin-1, MUSA1, and SMART. MuRF1 expression is induced by cytokines such as TNF-α
via NF-κB pathway. Akt could phosphorylate IκB and activate the NF-κB pathway, although it has
not been shown in skeletal muscle and multiple studies have shown IGF-1 activation does not alter
MuRF1 expression. Myostatin and BMP signaling compete against each other for their usage of Smad4.
Activation of myostatin inhibits BMP-mediated Smad1/5/8 translocation to the nucleus, thus inhibiting
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MUSA1-mediated UPS activity. Akt can also downregulate ActRIIB and inhibit ALK4/5 via unknown
mechanisms. Although it has not been shown in skeletal muscle, Akt can interact directly with
unphosphorylated Smad3 to sequester it outside the nucleus. Several miRNAs have been shown to
regulate IGF-1 signaling. miR-486 is inhibited by the myostatin/Smad pathway, resulting in inhibition of
IGF-1 signaling via PTEN increase. miR-1 and miR-133 target IGF-1 and IGF-1R, respectively, and their
expression is reduced during muscle hypertrophy. IRS-1 could be inhibited by miR-128 and miR-15.
LncIRS1 (not shown in the figure), which is upregulated in hypertrophic muscles, can act as sponge for
miR-15, resulting in activation of IRS-1. Note that studies have shown conflicting evidence on miR-29′s
role in IGF-1 signaling in skeletal muscle, and it may potentiate or inhibit IGF-1 signaling. Pathways
that are unclear and/or not shown in skeletal muscle are shown in dotted lines.

2. Muscle Protein Synthesis and IGF-1 Signaling

One of the most important function of IGF-1 is its regulation of protein synthesis in skeletal muscle
and promotion of body growth. Upon binding to IGF-1, IGF-1 receptor (IGF-1R) phosphorylates an
intracellular adaptor protein insulin receptor substrate-1 (IRS-1), which recruits and phosphorylates
phosphoinositide 3-kinase (PI3K) followed by Akt phosphorylation. The PI3K/Akt pathway
plays a critical role in myotube hypertrophy [6,7], and activation of Akt in rat muscle prevents
denervation-induced atrophy [8,9]. Mammalian target of rapamycin (mTOR) is a downstream target
of Akt, and in mammalian cells mTOR activity is tightly regulated by amino acid availability to the
cells. As amino acids are necessary to build proteins, nucleic acid, glucose, and ATP in the body,
mTOR activity is highly correlated with the anabolic/catabolic balance. The IGF-1/Akt/mTOR pathway
has been shown to be indispensable in promoting muscle hypertrophy [10]. Akt phosphorylates
and inhibits tuberous sclerosis 1 and 2 (TSC1/TSC2), resulting in activation of small G protein Ras
homolog enriched in brain (Rheb) via its binding to GTP. GTP-bound Rheb activates mTOR complex-1
(mTORC1), resulting in phosphorylation of p70S6K, which promotes protein synthesis by activating
ribosomal protein S6, a component of the 40S ribosomal subunit. mTORC1 also phosphorylates 4EBP1,
leading to its release from the inhibitory complex with the translation initiation factor eIF4E, the cap
binding protein, permitting the binding of eIF4E to eIF4G to form the critical translation initiation
complex [11]. When animals were treated with mTOR inhibitor rapamycin, phosphorylation of p70S6K

and the release of 4EBP1 from eIF4E inhibitory complex were blocked, leading to inhibition of surgical
overload-induced muscle hypertrophy [12]. Consistently, the Akt/mTOR pathway was inhibited
during disuse (unloading)-induced atrophy and re-activated after reloading.

Besides mTOR, Akt-mediated phosphorylation of glycogen synthase kinase-3β (GSK3β) is another
critical downstream pathway of IGF-1. In muscle hypertrophic conditions, GSK3β is phosphorylated
and its activity is inhibited, leading to activation of eIF2B and transcriptional activator β-catenin [13,14].
In contrast, GSK3β activity is increased in a dexamethasone (Dex)-induced atrophy model. Local IGF-1
or constitutively active Akt gene transfer inhibited GSK3β, increased β-catenin levels, and prevented
muscle atrophy [15].

In summary, IGF-1/Akt controls two protein synthetic pathways via mTORC1 and GSK3β.
Although these pathways are decreased in various muscle atrophy conditions [16–19], the exact
relationship and interaction between these pathways in skeletal muscle atrophy and hypertrophy
conditions remain to be determined. IGF-1 also affects protein synthesis via myostatin signaling,
and the mechanism is discussed below.

3. Muscle Protein Synthesis: Myostatin

Myostatin is a member of the transforming growth factor-β (TGF-β) superfamily, is secreted
mainly from skeletal muscle, and negatively regulates muscle mass [20]. Myostatin has been found to
be upregulated in cancer, heart disease, HIV, and aging, and systemic administration of myostatin
caused cachexia in rodents. Studies have identified crosstalk between myostatin and IGF-1 signaling
pathways. In cultured myotubes, myostatin inhibited Akt phosphorylation, resulting in decreased
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protein synthesis and reduced cell size [21–23]. In mice deficient in myostatin, total Akt expression
was increased together with increased p70S6K levels [21,24]. These data suggest that myostatin
and IGF-1 signaling counteract each other. Indeed, IGF-1 treatment of cultured myotubes blocked
myostatin-mediated downregulation of Akt and myotube diameter reduction [23]. Accordingly,
the hypertrophic effect of IGF-1 was greater in the myostatin null background [25].

Myostatin signaling is mediated by activin type II receptors (ActRIIA and ActRIIB) and activin
type I receptors (ALK4 and ALK5), leading to phosphorylation of Smad proteins (Smad2 and -3).
Smad2/3 form a complex with Smad4, which is also a co-mediator of the bone morphogenic protein
(BMP) signaling pathway. Therefore, when the myostatin signaling is low, Smad4 becomes more
available to BMP signaling, leading to muscle hypertrophy [26]. Studies have suggested that IGF-1
and myostatin/Smad pathways cross-talk at different levels. Akt activation downregulated ActRIIB in
denervated muscles, and blocked atrophy-inducing effects of constitutively active ALK4 and ALK5 [27].
Studies in cancer cells have demonstrated direct interaction of Akt and Smad3 to sequester Smad3
outside of the nucleus [28], although it remains to be determined whether the same mechanism exists
in skeletal muscle. Although the entire picture of Akt-Smad interaction remains to be determined in
skeletal muscle, these data suggest that the balance between competing IGF-1, myostatin, and BMP
pathways are critical to maintain muscle mass.

4. Muscle Protein Degradation: UPS

The ubiquitin-proteasome system (UPS) is a crucial protein degradation system in eukaryotes,
and studies have shown its importance in development of muscle atrophy [29,30]. Muscle atrophy
F-box (MAFbx)/Atrogin-1 and muscle RING finger 1 (MuRF1) are the best characterized E3 ubiquitin
ligases in skeletal muscle that mediate polyubiquitination of proteins and target them to degradation
by the 26S proteasome. MAFbx/Atrogin-1 and MuRF-1 are shown to be increased in various muscle
atrophy-inducing conditions, including disuse, denervation, inflammation, aging, glucocorticoid
increase, high Ang II, and chronic diseases such as cancer, congestive heart failure, chronic kidney
disease, chronic obstructive pulmonary disease (COPD), and AIDS [31,32]. Interestingly, studies have
suggested that IGF-1 signaling is altered in many of these conditions, and signaling pathways that
regulate MAFbx/Atrogin-1 and MuRF1 are in some part overlapping and regulated by IGF-1 signaling
(Figure 1).

Various studies have shown that MAFbx/Atrogin-1 and MuRF1 expression is differentially
regulated by FoxO and NF-κB pathways. Inhibition of FoxOs prevented MAFbx/Atrogin-1 increase
and protected against muscle atrophy. Although FoxO1 activates both MAFbx/Atrogin-1 and MuRF1
expression in cultured myotubes, the ability of FoxO1 to induce MuRF1 expression is independent of its
DNA binding [33]. Similarly, Senf et al. found that FoxO3a induced MAFbx/Atrogin-1 expression via
promoter activation, whereas MuRF1 activation did not require FoxO3a DNA binding [34]. Transgenic
overexpression of activated IκB kinase β (IKKβ) in skeletal muscle caused profound muscle wasting,
with increased expression of MuRF1 but not MAFbx/Atrogin-1 [35]. In addition, promoter analysis
revealed that MuRF1 expression is regulated by upstream NF-κB binding sites, but not FoxO sites in
disuse atrophy [36].

It is of note that the IGF-1/PI3K/Akt pathway not only activates FoxO, but also NF-κB signaling via
several mechanisms including stimulating p65 transactivation and activation of IKKβ [37]. However,
it is not clear whether activation of IGF-1 in skeletal muscle alters NF-κB activation and MuRF-1
expression. In myofibers, IGF-1 rapidly and strongly reduced Dex-induced Atrogin-1 expression
(~80% reduction after 6 h), whereas MuRF-1 mRNA reduction occurred more slowly (~30% reduction
after 18 h) [38]. Importantly, changes in overall proteolysis with Dex and IGF-1 correlated tightly
with changes in Atrogin-1 mRNA levels, but not with MuRF1. Consistently, systemic Ang II infusion
increased both MAFbx/Atrogin-1 and MuRF-1, whereas IGF-1 inhibited expression and promoter
activity of MAFbx/Atrogin-1, but not MuRF-1 [39].
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Several substrates of MAFbx/Atrogin-1 and MuRF1 have been identified in skeletal muscle.
By yeast two-hybrid screening, eukaryotic initiation factor 3 subunit 5 (eIF3-f) was identified as a
target substrate of MAFbx/Atrogin-1 [40]. MAFbx/Atrogin-1 increased eIF3-f degradation in myotubes
undergoing atrophy in vitro, and overexpression of eIF3-f caused hypertrophy both in vitro and in vivo.
Immunoprecipitation of MAFbx/Atrogin-1 followed by LC-MS/MS analysis in myostatin-treated C2C12
myotubes identified desmin and vimentin as other targets of MAFbx/Atrogin-1 [41]. For MuRF1,
myosin heavy chain (MYH) was identified as its target in Dex-induced myotube atrophy model [42].
In addition, by comparing the WT and transgenic mice expressing a RING deletion mutant of MuRF1,
which binds but cannot ubiquitinate substrates, Cohen et al. found that atrophying muscles showed a
loss of myosin-binding protein C (MyBP-C) and myosin light chains 1 and 2 (MyLC1 and MyLC2) from
the myofibril, before loss of MYH [43]. MuRF1 also has been shown to associate with titin and stabilize
the sarcomeric M-line [44]. Moreover, MuRF1 is suggested to regulate muscle energy metabolism by
targeting creatine kinase [45,46]. However, changes in these target substrates in response to IGF-1 have
not been determined in muscle atrophy models.

In addition to well-characterized MAFbx/Atrogin-1 and MuRF1, there are other E3 ubiquitin
ligases that are involved in skeletal muscle protein breakdown and are potentially regulated by IGF-1.
Milan et al. found that a group of ubiquitin ligases were upregulated in denervated or fasted skeletal
muscle, and were blunted in FoxO1, -3, and -4 triple knockout mice (FoxO1,3,4-/-) [47]. These ubiquitin
ligases include muscle ubiquitin ligase of the SCF complex in atrophy-1 (MUSA1), Fbxo31, and Fbxo21
(also known as SMART). FoxO3 overexpression in myotubes was sufficient to induce MUSA1, but
not other ubiquitin ligases. FoxO1 and FoxO3 bind to the promoter regions of MUSA1 and SMART,
and the FoxO3 deletion completely blunted the induction of SMART, but not other ubiquitin ligases.
These data suggest an overlapping and complex regulation of these ubiquitin ligases by FoxO1, -3,
and -4, and therefore by IGF-1.

Nedd4 is a HECT domain ubiquitin ligase that is increased in skeletal muscles after denervation [48,49],
unloading [48], and COPD [50]. Nedd4-null mice showed a reduction of IGF-1 and insulin signaling,
delayed embryonic development, reduced growth and body weight, and neonatal lethality [51].
Furthermore, skeletal muscle-specific Nedd4 null mice were protected against denervation induced
muscle atrophy [52].

Trim32 is a tripartite motif ubiquitin ligase that ubiquitinates and degrades the desmin cytoskeleton,
thin filament (actin, tropomyosin, and troponins), and Z-band (α-actinin) [53]. Downregulation of
Trim32 in hindlimb muscles reduced fasting-induced breakdown of these contractile and cytoskeletal
proteins and muscle atrophy. Furthermore, downregulation of Trim32 in skeletal muscle increased
PI3K/Akt/FoxO signaling, enhanced glucose uptake, and induced myofiber growth [54].

TNF receptor adaptor protein 6 (TRAF6) is a member of the TRAF family of adaptor proteins,
with the unique property to have E3 ubiquitin ligase activity. TRAF6 is upregulated in skeletal muscle
after denervation, starvation, and cancer cachexia development [55,56]. Interestingly, the induction
of MAFbx/Atrogin-1 and MuRF1 was suppressed in TRAF6 null mice, suggesting that TRAF6 is an
upstream regulator of these E3 ubiquitin ligases. Notably, TRAF6 directly ubiquitinates Akt and
inhibits its activity [57]. Although the importance of the potential interaction between IGF-1 signaling
and MUSA1, SMART, Nedd4, Trim32, and TRAF6 in skeletal muscle hypertrophy and atrophy remains
to be determined, IGF-1 signaling pathway components could be novel targets to regulate these E3
ubiquitin ligase activities in skeletal muscle.

5. Muscle Protein Degradation: Autophagy

Another major proteolytic pathway in eukaryotic cells is the autophagy-lysosome system.
Autophagy plays a critical role in removal of damaged organelles such as mitochondria, peroxisomes,
nuclei and ribosomes, as well as in degradation of damaged or misfolded proteins. Another protective
role of autophagy is to provide the degraded cellular components as an energy source to cells
especially in the face of sustained starvation. Various skeletal muscle diseases that manifest atrophy

53



Cells 2020, 9, 1970

and dystrophy such as Pompe disease and Danon disease are associated with lowered autophagic
activity [58]. In addition, skeletal muscle-specific knockout mice for Atg7, which acts as an E1-like
enzyme critical for autophagy regulation, showed profound muscle atrophy and age-dependent decline
in muscle force [59].

Autophagy is regulated by two main pathways that overlap with IGF-1 signaling pathways:
mTOR-mediated inhibitory phosphorylation of unc51-like kinase-1 (ULK1) and FoxO3-mediated
induction of autophagy-related genes. Since IGF-1 activates mTOR (thus, inhibits ULK1) and inhibits
FoxO (thus, inhibits autophagy-related gene expression), it is reasonable to assume IGF-1 inhibits
autophagy, although some conflicting results have been reported on the relative importance of mTOR
and FoxO pathways in regulation of skeletal muscle autophagy. A first group of studies suggested that
mTOR-mediated regulation of autophagy only plays a minor role, at least in skeletal muscle. Only a
small (10–15%) induction of autophagy was observed after rapamycin (mTOR inhibitor) treatment in
cultured myotubes [60], and rapamycin administration or mTOR knockdown did not induce autophagy
in skeletal muscle in vivo [61]. In contrast to these findings, skeletal muscle-specific TSC1-deficient
mice (TSCmKO), which show sustained activation of mTORC1, developed a late-onset myopathy
related to impaired autophagy [62].

Likely independent of mTOR, Akt activation blocked autophagy via inhibition of FoxO3 [60,61].
Blockade of FoxO3 inhibited the starvation-induced autophagy, and these effects are likely mediated
by inhibition of FoxO3-mediated transcriptional activation of autophagy-related genes such as LC3,
Bnip3, Beclin-1, Atg4, and Atg12 [63]. Interestingly, Zhao et al. showed that constitutively-active
FoxO3 increased protein degradation in cultured myotubes, and, surprisingly, approximately 80% of
the effect was mediated by autophagy [60].

These data suggest that both IGF-1/Akt/mTOR and IGF-1/Akt/FoxO pathways inhibit autophagy.
However, few studies have extensively analyzed the effect of IGF-1 in skeletal muscle autophagy,
and conflicting evidence has been presented. Nakashima et al. treated chicken myotubes with
IGF-1 and found that LC3-I to LC3-II conversion, a critical step for autophagosome formation,
was decreased [64]. In contrast, Ascenzi et al. showed that LC3-I to LC3-II conversion, which is
normally decreased during aging, was increased in mice with skeletal muscle-specific overexpression of
IGF-1 [65]. To understand these discrepancies, it is important to note that autophagy involves dynamic
and complicated processes, and it has been a challenge in autophagy research to capture a dynamic
process with static measurements [66]. Neither of the above studies measured the autophagic flux
(i.e., dynamic process of autophagy), therefore more studies are required to understand the role of IGF-1
in regulation of autophagic flux in skeletal muscle in vivo. In other cell types, IGF-1 has been shown
to inhibit autophagy. In human colorectal carcinoma drug-resistant cells, IGF-1 inhibited autophagy
via Akt/mTOR pathway [67]. IGF-1 knockdown increased autophagy via reduction of Akt/mTOR
in aged bone marrow mesenchymal stem cells (BM-MSCs) in hypoxic condition and protected cells
against hypoxic injury [68]. This IGF-1-mediated autophagy reduction is suggested to be involved
in cellular senescence and longevity. Long-term exposure of quiescent human fibroblasts to IGF-1
reduced viability and increased senescent cells, associated with reduced autophagy and dysfunctional
mitochondria. These effects were reversed by rapamycin treatment (mTOR inhibition). Consistently,
autophagy is increased in mouse fibroblasts in vivo with lowered IGF-1 levels [69].

In various muscle atrophy conditions such as disuse and denervation, autophagy has been shown
to be activated [70]. Although IGF-1 has been used in attempts to prevent muscle atrophy in various
models, careful evaluation of autophagy is not always conducted. In models such as cancer cachexia,
in which UPS-mediated protein breakdown in increased, overall autophagic activity is likely decreased
despite the observation of increased autophagy marker such as Beclin-1, p62, and LC3B [71]. Similarly,
in the Ang II-induced muscle atrophy model, autophagy is reduced and likely caused accumulation of
dysfunctional mitochondria and impaired skeletal muscle energy metabolism [72]. In both of these
models, IGF-1 is reduced [73,74] and IGF-1 administration rescued muscle atrophy [39,75,76]. However,
in C26 tumor-bearing mice, neither inhibition nor activation of autophagy rescued the muscle function,
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and both treatments worsened the outcome [77]. The IGF-1 pathway could still be a promising target to
treat muscle atrophy where both autophagy and UPS are activated, and protein synthesis is decreased,
as IGF-1 activation could theoretically normalize all of these pathways. However, more careful
evaluation of IGF-1′s effects on autophagy is necessary for the development of therapies, as both
excessive activation and insufficiency of autophagy could be deleterious to skeletal muscle.

6. Muscle Energy Homeostasis: AMPK and IGF-1

5′-adenosine monophosphate-activated protein kinase (AMPK) is an intracellular sensor of
ATP consumption and acts as a key regulator of skeletal muscle metabolism. When ATP level is
low (thus AMP/ATP ratio is high), AMPK is activated and protein synthesis, which consumes ATP,
inhibited. Furthermore, activated AMPK promotes ATP-producing catabolic processes including
glucose and fat oxidation, UPS- and autophagy-mediated protein degradation [78]. Via these
mechanisms, dominant-negative AMPK overexpression in skeletal muscle or skeletal muscle-specific
AMPK gene deletion increased muscle mass [79–81]. Mechanistically, AMPK targets two major
components of IGF-1 signaling: mTOR and FoxO. AMPK decreases protein translation via activation
of mTORC1 and promotes protein breakdown via activation of FoxO1 and FoxO3, which in
turn increase UPS and autophagy-related genes (Figure 1). Therefore, it is consistent with these
mechanisms that pharmacological or genetic activation of AMPK blocked overloading-induced
muscle hypertrophy [82,83]. However, the role of AMPK in muscle atrophy is unclear. In rodent
muscle unloading-induced atrophy models, both increased and decreased AMPK activity has been
reported [84–87]. In these models, genetic inactivation of AMPK prevented muscle atrophy [88,89].
In contrast, in Ang II-induced muscle atrophy model, AMPK activity is reduced, and pharmacological
and genetic AMPK activation restored muscle mass [90,91]. The proposed mechanistic model is that
elevated Ang II reduces ATP content in skeletal muscle, which is supposed to activate AMPK, while
Ang II inhibits AMPK activation, causing severe ATP depletion and muscle atrophy. It is not clear
whether muscle ATP content is altered in unloading muscle atrophy models and muscle atrophy
is caused in a similar mechanism. Importantly, IGF-1 level is reduced in both of these atrophying
conditions and Akt is inhibited in skeletal muscle, although the role of AMPK (which is known to
inhibit Akt/mTOR and activate FoxO [78,92]) in relation to IGF-1 signaling in atrophying conditions is
not clear.

7. Alternative Splicing of IGF-1 mRNA to Produce a Local Form

In addition to circulating IGF-1 secreted by the liver, peripheral tissues including skeletal muscle
produce IGF-1. Interestingly, some studies suggest distinct roles between circulating and local IGF-1.
The IGF-1 gene contains six exons that are differentially spliced to generate multiple transcript variants
that result in different pre-pro-IGF-1s (Figure 2). Although the different pre-pro-IGF-1s eventually
give rise to the same mature 70-amino acid IGF-1 molecule, it has been shown that these variants have
different stabilities, binding partners, and activity. The first two exons are mutually exclusive for their
use, and each exon has multiple transcription initiation sites, therefore generating different 5′-UTRs
and N-terminal signal sequences. Transcripts containing exon 1 or 2 are referred to as Class 1 and 2,
respectively. Exons 3 and 4 are used in all the variants and encode the B, C, A, and D domains, which are
named based on their similarity to those in insulin. The 3′-end of IGF-1 gene generates three types of
mRNAs with different termination codons, polyadenylation sites, and 3′-UTRs. The C-terminus of
pre-pro-IGF-1, termed as E-peptide domain, thus has the greatest variability within the entire protein.
The E-peptide domain includes part of exon 4 (16 amino acids), with differential inclusion of exon 5
and 6; Ea consists of exon 6 (19 amino acids) and Eb of exon 5 (61 amino acids). Due to alternative
splicing, Ec consists of part of exon 5 (16 amino acids) and part of exon 6 (8 amino acids). Note
that these are terminologies for human IGF-1; rodents’ equivalent of human Ec is termed as Eb, as
they do not express human Eb-equivalent form. Overall, this alternative splicing generates at least 6
pre-pro-IGF-1: Class 1-Ea, Eb, Ec, and Class 2-Ea, Eb, and Ec. Studies have suggested distinct functions
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among these different forms of proteins. For instance, Class 1 proteins have a longer signal peptide
that is potentially myristoylated and may retain the protein in the ER during the translation process,
whereas Class 2 mRNAs are highly expressed in the liver, the primary source of circulating IGF-1.
Therefore, Class 1 peptides represent a locally-produced autocrine/paracrine form, and Class 2 peptides
represent the circulating endocrine form in the body. Bikle et al. demonstrated that muscle atrophy
is more pronounced after ablation of muscle IGF-1 production than when liver IGF-1 production
is inhibited [93], suggesting that local IGF-1 is a crucial factor for muscle hypertrophy. However,
Temmerman et al. demonstrated the deletion of exon 2 (thus Class 2 mRNAs) in mice did not affect
viability, growth, and maintenance of circulating IGF-1 levels [94], and the exact physiological roles
of Class 1 and Class 2 proteins remain to be determined. For the E peptide domain, Annibalini et al.
identified a highly conserved N-glycosylaton site in the Ea domain, which regulated intracellular
pro-IGF-1Ea level via prevention of proteasome-mediated degradation and subcellular localization [95].
Interestingly, Durzyńska et al. found that the predominant forms that are expressed in skeletal
muscle are pro-IGF-1s, which contain E peptide, rather than mature IGF-1. Both glycosylated and
non-glycosylated forms of pro-IGF-1 were expressed in skeletal muscle, whereas non-glycosylated
pro-IGF-1 is more potent to activate IGF-1R [96]. Ascenzi et al. analyzed the effects of IGF-1-Ea
and IGF-1-Eb in skeletal muscle and found that only IGF-1-Ea promoted a pronounced hypertrophic
phenotype in young mice. Interestingly, however, both isoforms of IGF-1 were protective against
age-related loss of muscle mass and force [65]. These data suggest that E domains regulate not only
IGF-1 production and secretion but also its local activity.

Figure 2. IGF-1 and skeletal muscle atrophy in chronic diseases and aging. In various chronic disease
conditions, such as congestive heart failure (CHF), cancer, chronic obstructive pulmonary disease
(COPD), and chronic kidney disease (CKD), and aging, muscle atrophy develops through various
mechanisms: decreased protein synthesis, increased UPS, and lowered muscle regeneration. Depending
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on the pathophysiological conditions, autophagy could be increased or decreased, and both excessive
and defective autophagy could lead to muscle atrophy. IGF-1 is thought to decrease autophagy, but
the role of IGF-1 regulation of autophagy in chronic disease-induced muscle atrophy is yet to be
determined. IGF-1 stimulates skeletal muscle regeneration via activation of satellite cells. Systemic
(circulating) IGF-1 is predominantly produced in the liver, whereas locally produced IGF-1 likely acts
in a paracrine or autocrine manner. The first two exons of IGF-1 are mutually exclusive and generate
different signal peptides, termed Class 1 (exon 1) and Class 2 (exon 2). The mature IGF-1 peptide is
coded in exons 3 and 4 (B, C, A, and D domains). Three types of C-terminus E-peptides are generated
by alternative splicing. Ea is from exon 6, Eb is from exon 5, and Ec is from part of exons 5 and 6. Class
2 IGF-1 is mainly expressed in the liver (considered to be the systemic isoform), and Class 1 IGF-1 is
mainly expressed in peripheral tissues including skeletal muscle. Both systemic and local IGF-1 levels
are decreased in various chronic disease conditions, and the combination of these reductions affect
protein synthesis, UPS activity, autophagy, and muscle regeneration and regulate the development of
muscle atrophy.

8. IGF-1 Binding Proteins in Skeletal Muscle

IGF-1′s actions are regulated by six IGF-1-binding proteins (IGFBPs), which serve as IGF-1
transport proteins. Approximately 98% of IGF-1 exists as a bound form to one of the IGFBPs, with
IGFBP3 accounting for 80% of all the binding. The binding of IGF-1 to IGFBPs is either in a binary
complex (an IGF-1 and an IBFBP), or a ternary complex consisting of an IGF-1, an IGFBP and an IGF
binding protein acid labile subunit (IGFALS). The binding of IGF-1 to IGFBPs and IGFALS significantly
prolongs the half-life of IGF-1 in circulation. The half-lives of unbound IGF-1, IGF-1 in a binary complex,
and IGF-1 in a ternary complex are less than 10 min, 25 min and more than 16 h, respectively [97–99].
Therefore, circulating levels of IGF-1 are greatly affected by IGFBPs and IGFALS. IGFBP3 gene deletion
resulted in 40% decrease in serum IGF-1. IGFALS knockout mice showed 60% reduction in serum
IGF-1, and also 90% reduction in IGFBP-3 [100]. As IGFBPs bind to IGF-1 with equal or greater
affinity compared to IGF-1R, the binding of IGFBPs to IGF-1 is crucial for the regulation of IGF-1′s
availability to peripheral tissues. Another important function of IGFBPs is to prevent the potential
interaction of IGF-1 with insulin receptor (IR). Since IGF-1R and IR are structurally similar and IGF-1
can bind to IR with lower affinity, IGF-1 could cause hypoglycemic effects if it can freely access to
the IR [101,102]. IGFBP3 is expressed in the liver and peripheral tissues, and its hepatic expression is
regulated by GH, allowing the coordinated regulation of circulating IGF-1 and IGFBP3 levels. When
bound to IGF-1, IGFPB3 blocks its binding to IGF-1R, thereby impairing the downstream signaling.
Furthermore, IGFBP3 has been shown to exhibit antiproliferative and proapoptotic actions via an
IGF-1/IGF-1R-independent mechanism [103]. Studies suggest different roles of IGFBPs in regulation of
skeletal muscle function depending on muscle type, age, and atrophy conditions. In a study analyzing
the expression of mouse IGFBPs at different ages [104], IGFBP4 and -5 were found to be increased with
age, whereas IGFBP3 and -6 were regulated differently between males and females: IGFBP-3 decreased
with age in males but increased in females, while IGFBP-6 decreased with age in females and remained
unchanged in males. Transgenic overexpression of IGF-1 did not alter expression of any of the IGFBPs.
Huang et al. analyzed two independent datasets of gene profiles in pancreatic tumors, and found that
IGFBP3 was dramatically increased in pancreatic ductal adenocarcinoma, which causes cancer cachexia
with high prevalence. The conditioned medium from pancreatic cancer cells contained high IGFBP3
and caused significant myofiber wasting, which was prevented by IGFBP3 knockdown or neutralizing
antibody [105]. These results indicate that IGFBPs inhibit IGF-1′s action to induce muscle growth
and hypertrophy. Consistently, global overexpression of IGFBP5 in mice caused a severe reduction in
prenatal and postnatal growth, resulting in increased neonatal mortality and decreased skeletal muscle
weight [106]. Similarly, AAV-mediated overexpression of IGFBP2 in skeletal muscle reduced muscle
mass and induced a slower muscle phenotype [107]. On the other hand, mice lacking IGFBP3, -4, or -5
developed normally and only IGFBP4 deficient mice showed a modest (85–90% compared to wild type)
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growth retardation [108], suggesting that other IGFBPs compensate for the loss of IGFBP5. Indeed,
triple knockout of IGFBP3, -4, and -5 had significantly smaller body and quadriceps weight (78% and
60% of wild type, respectively). The triple knockout mice showed lower circulating levels of IGF-1
(45% of wild type) and had lower IGF-1 activity measured by IGF-1R phosphorylation in the cells
treated with the serum of the animals (37% of wild type). Interestingly, ERK/MAPK phosphorylation
was decreased in the skeletal muscle of triple knockout mice, whereas Akt phosphorylation was not
altered [108]. Although these studies indicate that IGFBPs inhibit IGF-1 signaling locally, whether or
how IGFBPs affect the outcome of IGF-1 signaling, such as protein synthesis, protein degradation,
and autophagy, remains to be elucidated.

9. Skeletal Muscle-Specific IGF-1/IGF-1R Gene Deletion Studies

Liver is the major source of circulating IGF-1, and liver-specific IGF-1 gene deletion resulted in
70–80% reduction in serum IGF-1 levels [109,110]. These studies showed normal growth of the animals
and threw into question the requirement of circulating IGF-1 for postnatal body growth. However, a
later genetic study using a mouse strain with conditional liver-specific IGF-1 expression in IGF-1 null
background demonstrated that IGF-1 from the liver contributes approximately 30% of the adult body
size [111]. These studies indicate that liver-derived circulating IGF-1 certainly plays a significant role
in growth of animals, although it cannot explain all of IGF-1′s growth promoting function in the body.

Transgene, AAV, or electroporation-mediated overexpression of a locally-acting isoform of IGF-1
in skeletal muscle increased muscle mass, myofiber cross sectional area (CSA), and maximum isometric
force [112–114]. These animals were protected against aging-associated loss of muscle mass [113],
Dex-induced atrophy [115], and Ang II-induced atrophy [39,76], whereas disuse atrophy was not
prevented [116].

To define the roles of growth hormone (GH) and IGF-1 signaling in skeletal muscle, Mavalli et al.
treated primary myoblasts with GH and IGF-1 [117]. Utilizing GH receptor (GHR) and IGF-1R deficient
myoblasts, the authors found that, although both GH and IGF-1 induced myoblast proliferation
and fusion, the effect was primarily mediated by IGF-1. Both skeletal muscle-specific GHR and
IGF-1R knockout mice exhibited reduced myofiber size and number, and impaired muscle force,
which are associated with diminished myoblast fusion. Interestingly, muscle-specific GHR deficient
mice developed marked peripheral adiposity, insulin resistance, and glucose intolerance, none of
which were observed in muscle IGF-1R knockout mice. These data suggest that GH’s action to promote
muscle development is mainly mediated by IGF-1, whereas GH facilitates normal insulin action in
skeletal muscle independently from IGF-1, leading to changes in global nutrient metabolism. While
the study by Mavalli et al. used a cre strain driven by the mef-2c-73k promoter, which is active from an
embryonic stage, O’Neill et al. generated skeletal muscle-specific IGF-1R-null mice using the skeletal
muscle actin promoter, which is active in differentiated muscle cells, and found that these mice did
not show altered body weight or muscle mass [118] In the same study, O’Neill et al. generated mice
with muscle-specific double knockout of IGF-1R and IR (MIGIRKO). These animals showed a marked
decrease in skeletal muscle mass and fiber size and died earlier (between 15 and 25 weeks), likely
due to respiratory failure. Surprisingly, however, glucose and insulin tolerance were not affected in
MIGIRKO mice, instead these animals showed increased basal glucose uptake in muscle.

10. IGF-1, Satellite Cells and Skeletal Muscle Regeneration

Skeletal muscle stem cells, or satellite cells (SCs), are normally quiescent and located between the
basal lamina and sarcolemma of the myofiber. During growth and after muscle damage, a myogenic
program of SCs is activated, and SCs self-renew to maintain their pool and/or differentiate to form
myoblasts and eventually myofibers.

IGF-1 has been shown to increase both proliferation and differentiation of cultured myoblasts [119].
When cells are in the proliferative stage, IGF-1 increased the expression of cell-cycle progression
factors, whereas IGF-1 promoted myoblast differentiation when cells are withdrawn from the cell cycle
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by myogenic regulatory factors such as myogenin. L6E9 cell line is a subclone of the parental rat
myoblast cell line L6, and does not express IGF-1 whereas IGF-1R expression is intact. Utilizing these
cells, Musaro et al. demonstrated that IGF-1 overexpression in differentiated L6E9 cells resulted in
pronounced myotube hypertrophy and myogenin induction [120]. PI3K/Akt and MAPK pathways
have been shown to mediate downstream signaling of IGF-1 in these cells, although the relative
importance of these pathways seems to differ depending on the model systems analyzed. Blockade
of MAPK inhibited IGF-1-mediated L6A1 myoblast (another subclone of rat neonatal myoblast cell
line L6) proliferation, whereas blockade of PI3K or mTOR abolished myoblast differentiation [121].
In contrast, SCs isolated from muscle-specific IGF-1 transgenic mice showed enhanced proliferative
capacity in vitro, and the effect was mediated by activation of PI3K/Akt, independent of MAPK,
and downregulation of the cyclin-dependent kinase inhibitor p27Kip1, supporting the role of IGF-1 in
regulation of the cell cycle in SCs [122].

In addition to the above-mentioned in vitro studies, a series of in vivo studies have shown the
importance of IGF-1 signaling in SC function. Barton-Davis et al. proposed that the increase in
skeletal muscle mass and strength in mice that overexpress IGF-1 specifically in skeletal muscle is
primarily due to the activation of SCs and increased regeneration [112]. In mice treated with hindlimb
gamma-irradiation to prevent SC proliferation, approximately half of IGF-1′s hypertrophic effect
was prevented. However, a following study by Heslop et al. showed hindlimb gamma-irradiation
does not completely abolish SC function [123], questioning whether the observation in the study by
Barton-Davis et al. is due to depletion of SCs. More recent studies presented conflicting evidence
whether SCs are required for muscle hypertrophy [124,125], indicating the importance of careful
evaluation and selection of appropriate animal model to address the in vivo contribution of SCs to
muscle hypertrophy and the role of IGF-1.

Another consideration needs to be given when analyzing IGF-1′s role in SCs is the potential
isoform-specific effects of IGF-1. By differential screening, IGF-1 mRNA with the Ec form of E peptide
domain (see Section 7) was identified as the transcript that is increased in exercised muscle compared
to the resting state, and named mechano-growth factor (MGF). MGF has been shown to stimulate SCs
to re-enter the cell cycle and proliferate, facilitating new myofibers to replace damaged myofibers [126]
In addition, impairments of IGF-1 splicing to produce MGF were observed during muscle wasting
and age-related decline of muscle regeneration [127–129]. Attention needs to be drawn to the usage
of the MGF terminology, as some studies use it in referring to the Ec portion of the peptide alone,
not including the IGF-1 mature peptide (to avoid any confusion, it is called the Ec peptide in this article).
Yang et al. showed that, unlike mature IGF-1, the Ec peptide inhibited C2C12 myoblast terminal
differentiation, while increasing proliferation in IGF-1R-independent manner [130]. Furthermore,
the Ec peptide increased the proliferative lifespan and delayed senescence of SCs isolated from healthy
human subjects [131], and increased the number of primary cultured muscle progenitor cells isolated
from patients with muscular dystrophies (CMD, FSHD) and amyotrophic lateral sclerosis (ALS) [132].
However, a contradictory study has been reported [133], in which investigators failed to show any
effect of the Ec peptide on C2C12 or primary human myoblasts. A study investigating another IGF-1
isoform class 2 IGF-1-Ea showed that this isoform exerts its hypertrophic effect only when the muscles
are in growing status (e.g., during postnatal development or during regeneration) [130]. These studies
suggest that IGF-1′s effects on SCs differ between isoforms, but no study has been conducted to
compare the isoform-specific effects of IGF-1 on muscle regeneration and atrophy in vivo.

IGF-1 seems to regulate SCs in concert with other myogenic factors. The morphogenic factor sonic
Hedgehog (Shh) has been reported to be expressed in adult myoblasts and to promote their proliferation
and differentiation [134,135]. Both Shh and IGF-1 enhanced Akt and MAPK phosphorylation and
myogenic factor expression levels in C2 myoblasts in a dose-responsive manner, having additive
effects. In cultured myoblasts isolated from mice with a muscle-specific knockout of Smoothened
(Smo), a component of the Shh receptor, IGF-1-induced Akt and MAPK phosphorylation and myogenic
differentiation were significantly blocked. Interestingly, Smo physically associates with the IGF-1R,
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the p85 regulatory subunit of PI3K, and IRS1 in a Shh and IGF-1 dose-responsive manner, indicating
that mutual regulation of Shh and IGF-1 occurs at the receptor complex level [136].

Another potential mechanism whereby IGF-1 affects SC function is via regulation of autophagy.
Zecchini et al. showed that autophagy is required for neonatal myogenesis and muscle
development [137]. Atg7 is an E1-like activating enzyme that regulates fusion of peroxisomal
and vacuolar membranes during autophagy, and Atg7 knockdown in SCs caused severe reduction in
neonatal myogenesis. Interestingly, the expression of GHR and IGF-1 were reduced in the skeletal
muscle of these animals. In primary cultures of neonatal SCs, the defective autophagy decreased
proliferation and differentiation, and GH’s action to promote myotube growth was completely abolished.
As discussed in Section 5, IGF-1 likely reduces autophagy in skeletal muscle. In addition, IGF-1 is
known to be reduced in various muscle atrophy conditions. However, it is not clear whether reduced
IGF-1 results in an increased autophagy in these conditions, or whether altered autophagy affects the
SC functions in these atrophy conditions.

11. Atrophy-Related miRs and Their Potential Regulation of IGF-1 Signaling

Various non-coding RNAs have been proposed to regulate IGF-1 signaling in skeletal muscle.
Using miRNA arrays, Li et al. found miR-29b as the only miRNA whose expression was increased
in five different in vivo murine muscle atrophy models (denervation, Dex-treatment, fasting, cancer
cachexia, and aging) as well as three in vitro atrophy-inducing cell culture models (C2C12 myotubes
treated with dexamethasone, TNF-α, and H2O2) [138]. miR-29b overexpression promoted muscle
atrophy, while miR-29b inhibition prevented denervation-induced muscle atrophy. Importantly,
the authors found that miR-29b targets two members of the IGF-1/Akt/mTOR pathway, IGF-1 and PI3K
(p85α). miR-29b agomir decreased Akt activity and activated FoxO3A, as well as decreased mTORC1
and p70S6K both in vitro and in vivo. However, conflicting evidence was presented by Goodman et al.,
showing that Smad3 gene transfer to skeletal muscle decreased miR-29 promoter activity, whereas
Akt/mTOR activity was decreased and skeletal muscle atrophy was induced [139]. Furthermore,
in a mouse model of CKD-induced muscle atrophy, miR-29 was decreased in skeletal muscle [140],
and exosome-mediated miR-29 transfer prevented muscle atrophy [141]. In these studies, phosphatase
and tensin homolog (PTEN), which suppresses IGF-1 pathway, and transcriptional repressor Yin Yang
1, which suppresses IGF-1 transcription [142], were shown to be targets of miR-29. It is not clear
the potential reasons of these discrepancies, although it is interesting that multiple IGF-1 signaling
pathway molecules are potentially targeted by one miRNA, and studies are required to investigate its
relationship with other miRNAs discussed below.

During myogenesis, the expression of miR-1 and miR-133 are greatly induced [143], whereas these
miRs are reduced during muscle hypertrophy [144]. In C2C12 myoblasts, miR-1 and miR-133 are
shown to inhibit the IGF-1 pathway by targeting IGF-1, IGF-1R and HSP70 [145–147], although their
roles in skeletal muscle remain to be determined.

miR-128a is highly expressed in brain and skeletal muscle, and it has been shown to target
IRS1 [148]. Inhibition of miR-128a in C2C12 myotubes increased IRS1 protein and Akt activity, resulting
in increased the size of the myotubes. Furthermore, administration of antisense miR-128a caused
skeletal muscle hypertrophy in mice.

miR-486 is encoded in the intron of the Ank1.5 gene, which functions to connect sarcomeres
to the sarcoplasmic reticulum [149,150], and is co-expressed with Ank1.5 mRNA [151] miR-486 is
found to target PTEN and FoxO1. PTEN dephosphorylates PIP3, and thus inhibits PI3K’s activity to
phosphorylate PIP2 to produce PIP3, resulting in inhibition of Akt. It is suggested that myostatin
inhibits miR-486; overexpression of miR-486 induced myotube hypertrophy via activation of Akt [152]
and restored Akt activity and muscle mass in CKD-induced muscle atrophy model [153].

Long noncoding RNAs (lncRNAs) are novel class of regulatory RNAs, which are involved
in numerous biological processes via interaction with mRNAs and miRNAs, such as miRNA and
lncRNA competition for the same mRNA target, and lncRNAs acting as decoys (or sponges) for
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miRNAs [154]. By RNA sequencing of hypertrophic and leaner broilers, Li et al. identified a novel
lncRNA, termed lncIRS1, is upregulated in hypertrophic muscles. LncIRS1 promoted proliferation and
differentiation of myoblasts in vitro, and muscle mass and myofiber size in vivo [155]. Mechanistically,
lncIRS1 acts as a molecular sponge for miR-15a, miR-15b-5p, and miR-15c-p, all of which interact with
IRS1 mRNA. Increased lncIRS1 inhibits the activity of these miRs, leading to activation of IRS1 and
muscle hypertrophy.

These studies strongly suggest the involvement of different miRs in IGF-1-mediated hypertrophy
and atrophy prevention. However, some conflicting studies have been published as in the case of
miR-29, and further studies are required analyzing these miRs in specific hypertrophy and atrophy
models, especially in human patients.

12. IGF-1 Changes in Chronic Conditions and Aging-Associated Sarcopenia

Local overexpression of IGF-1 has successfully rescued muscles in various chronic and experimental
muscle atrophy models including Dex injected rats [115], age-related muscle atrophy [113], hindlimb
suspension [156], and Ang II infusion in rodents [39,74,76], as well as in the mouse models of ALS [157]
and muscular dystrophy [158–160]. Rheumatoid arthritis (RA) is associated with low muscle mass
and density, and skeletal muscle of RA patients have been shown to have lower levels of IGF-1,
which were associated with the severity of the disease, low appendicular lean mass, and lower myofiber
CSA [161]. In a rat RA model, both circulating and skeletal muscle IGF-1 were decreased, the animals
showed lower muscle mass, and subcutaneous injection of IGF-1 (100 μg/kg; twice daily for 12 days)
increased body and hindlimb muscle weight without changing arthritis. RA increased skeletal muscle
MAFbx/Atrogin-1, MuRF1, IGFBP3, and IGFBP5 expression, and IGF-1 treatment attenuated the
increase of MAFbx/Atrogin-1, MuRF1, and IGFBP3, but not IGFBP5 [162]. Although a decrease in
circulating and skeletal muscle IGF-1 has been reported in various chronic conditions, including cancer,
congestive heart failure, chronic kidney disease, and COPD, and aging [5,163] (Figure 2), more studies
are required to determine whether IGF-1 administration could be a therapeutic approach to treat
muscle atrophy in these patients (discussed below).

In rats bearing AH-130 hepatomas, IGF-1 mRNA expression in hindlimb muscles progressively
decreased, whereas that of IGF-1R and IR increased [73]. Circulating and hepatic IGF-1 levels were
also decreased in this model, and these changes were associated with increased MAFbx/Atrogin-1 and
MuRF1 expression in skeletal muscle. In the ApcMin/+ mice, a model of colorectal cancer that develops
cachexia, muscle IGF-1 mRNA expression was decreased with suppressed mTOR targets [164]. Similar
results were observed in humans, as muscle IGF-1 mRNA was decreased in gastric cancer patients [165].
Interestingly, the reduction of IGF-1 was observed irrespective of the weight loss, suggesting that IGF-1
downregulation precedes cachexia development. In the rat AH-130 hepatoma model, subcutaneous
injection of IGF-1 for 16 days attenuated the loss of lean mass at low-dose (0.3 mg/kg/day) and high-dose
(3 mg/kg/day), with improvement of spontaneous activity, food intake, and mortality at low-dose
treatment [75]. However, in the same animal model, the parenteral administration of IGF-1 did not
alter E3 ubiquitin ligase expression or muscle atrophy [73]. The same group of authors also found
that phosphorylation of Akt was comparable or increased in skeletal muscle of mice bearing AH-130
hepatomas or C26 colon adenocarcinomas, with hyperphosphorylation of GSK3β, p70S6K, and FoxO1
and reduced eIF2α phosphorylation. Electroporation-mediated IGF-1 gene transfer to the hindlimbs of
these animals did not alter myofiber size and muscle mass [166]. These data suggest that IGF-1′s effect
to treat cancer-induced muscle atrophy may depend on the cancer type, animal species, and/or the
route and dose of administration.

Low circulating IGF-1 levels have been associated with an increased risk and worse prognosis of
cardiovascular diseases in human patients [167–169]. Deficiency in liver-derived IGF-1 caused
impaired contractility of cardiac myocytes and compensatory hypertrophic response [170,171].
Importantly, skeletal muscle atrophy is a hallmark of rodent myocardial infarction models of congestive
heart failure. In skeletal muscles of these animals, Akt/mTOR/p70S6K signaling is decreased and
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MAFbx/Atrogin-1 is increased [76,172], and transgenic overexpression of IGF-1 inhibited muscle
atrophy [167]. Interestingly, skeletal muscle-specific Akt activation decreased cardiac myocyte
hypertrophy, decreased interstitial fibrosis, and restored contractile function in the heart, suggesting
skeletal muscle to cardiac communication [173].

In experimental models of CKD, UPS-mediated protein degradation is increased with impaired
insulin and IGF-1 signaling [174,175]. Interestingly, SC proliferation and differentiation are impaired
in CKD mouse model, and Akt activity was decreased. Kido et al. proposed that advanced glycation
end-products (AGEs), which is accumulated in patients with CKD, increases fibroblast growth factor
23 (FGF23) and its receptor Klotho-mediated suppression of insulin/IGF-1, leading to inhibition of S
differentiation. In addition to UPS activation and SC inhibition, CKD was associated with increased
autophagy in skeletal muscles of human CKD patients [176]. These pathways can be initiated by
complications associated with CKD, such as metabolic acidosis, defective insulin and IGF-1 signaling,
inflammation, increased angiotensin II levels, abnormal appetite regulation, and impaired microRNA
responses [175]. Whether IGF-1 administration can rescue CKD-mediated skeletal muscle atrophy
remains to be determined.

Muscle dysfunction is one of the most relevant systemic manifestations of patients with COPD,
and lower limb muscle atrophy is frequently observed in COPD patients [177]. Survival in patients
with COPD is negatively associated with skeletal muscle dysfunction and lower mass, and COPD
exacerbations rapidly induce loss of muscle mass and function [178–181]. As in other cases of
muscle atrophy, UPS-mediated protein degradation is activated in COPD skeletal muscles [50,182].
In addition, SC senescence and reduced regenerative capacity were reported in SCs isolated from COPD
patients [183,184], suggesting the lower SC funciton contributes to muscle atrophy in COPD. However,
the contribution of IGF-1 in COPD patients is not clear. Circulating levels of IGF-1 were reported to
be unchanged in COPD patients [185], and in cachectic vs. non-cachectic patients with COPD [186].
However, IGF-1 levels were decreased during periods of acute exacerbation [187], which is known
to result in muscle atrophy. More careful evaluation of IGF-1 levels and signaling is necessary for
these patients.

Aging-associated decline in skeletal muscle mass, quality, and strength mostly occurs in type 2
(fast-twitch) muscle fibers and is associated with marked infiltration of fibrous and adipose tissues in
the muscle [188]. Both circulating and local IGF-1 levels are reduced in aging [189], with decreased
Akt/mTOR/p70S6K in skeletal muscle [9,189,190]. AAV-mediated IGF-1 gene transfer prevented
aging-related muscle changes in old mice [191], and, conversely, deletion of liver-specific IGF-1 at one
year of age dramatically impaired health span of the mice [192]. Furthermore, the age-related reduction
in IGF-1 levels are accompanied by increased IGFBP levels, further decreasing IGF-1 availability to
peripheral tissues. Contrary to these findings, Sandri et al. reported only modest to no changes in
IGF-1/Akt/mTOR pathway in old human subjects [193].

13. Conclusions

We review the role of IGF-1 and its downstream signaling in skeletal muscle atrophy associated
with various chronic diseases and aging. IGF-1 regulates skeletal muscle protein synthesis and protein
degradation via the UPS and autophagy, and multiple pathways and mechanisms have been identified
(Figure 1). IGF-1 has also been shown to activate satellite cell proliferation, although the involvement
of these cells in atrophy development in in vivo animal models and human patients remains to be
elucidated. One of the difficulties in IGF-1 research in skeletal muscle is that IGF-1 regulates numerous
biological pathways, and these pathways likely interact with each other. For instance, growing
evidence suggests the involvement of different miRNAs in IGF-1 signaling, and, considering that each
miRNA can target multiple mRNAs, careful examination of changes and biological functions of these
miRNAs will be required. Furthermore, it is possible that delivering a specific isoform of IGF-1 may
be required to have effective activation of downstream signaling. The role and relative importance
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of IGF-1 signaling likely differs between muscle atrophy models, and further studies are required to
develop effective strategies to apply IGF-1 to treat muscle atrophy in human patients.
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Abstract: Mammals have two insulin-like growth factors (IGF) that are key mediators of somatic
growth, tissue differentiation, and cellular responses to stress. Thus, the mechanisms that regulate
the bioavailability of IGFs are important in both normal and aberrant development. IGF-I levels are
primarily controlled via the growth hormone-IGF axis, in response to nutritional status, and also
reflect metabolic diseases and cancer. One mechanism that controls IGF bioavailablity is the binding
of circulating IGF to a number of binding proteins that keep IGF in a stable, but receptor non-binding
state. However, even before IGF is released from the cells that produce it, it undergoes an obligatory
association with a ubiquitous chaperone protein, GRP94. This binding is required for secretion of
a properly folded, mature IGF. This chapter reviews the known aspects of the interaction and highlights
the specificity issues yet to be determined. The IGF–GRP94 interaction provides a potential novel
mechanism of idiopathic short stature, involving the obligatory chaperone and not just IGF gene
expression. It also provides a novel target for cancer treatment, as GRP94 activity can be either
inhibited or enhanced.

Keywords: glucose regulated protein (GRP) 94; insulin-like growth factor; obligate chaperone

1. Introduction

As primary drivers of growth and proliferation at the somatic, tissue and cellular levels,
the insulin-like growth factors (IGFs) must have tightly regulated activity—in terms of amount,
timing, and spatial specificity and coordination. The “somatomedin hypothsies”, the original
framework of understanding IGF-I production and action, has undergone considerable development
with time, as additional layers of complexity and nuance have been elucidated [1]. This review
summarizes traditionally recognized regulators of IGF production and action in health and disease,
and adds yet another: glucose regulated protein 94 (GPR94). GRP94, a ubiquitously expressed
chaperone in the endoplasmic reticulum, is required for the proper folding and secretion of both IGFs.
Although insulin, the other member of the IGF hormone family, shares similarities with the IGFs
structurally (including approximately 50% amino acid homology to the IGFs), in their receptors
and signaling, and is itself chaperoned by GRP94, this review will focus on the IGFs. By providing
a novel nexus of regulating IGF production, GRP94 and its alterations serve as a potentially new
mechanism of dysregulated growth, such as idiopathic short stature and cancer, and thereby may lead
to new therapeutic interventions.
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2. Regulators of IGF Levels Clinically

Insulin-like growth factor (IGF)-I is made throughout the body, though ~70% of circulating
levels are of hepatic origin. Clinically, measurement of circulating IGF-I concentration is used
most commonly as a marker of growth hormone (GH) bioactivity. Due to the GH dependence of
transcription of the genes encoding IGF-I and its principal circulating partner, IGF binding protein
(IGFBP)-3, normal levels of IGF-I and IGFBP-3 generally reflect normal GH activity (i.e., exclude
GH deficiency) [2,3]. Further, because serum levels of these molecules do not fluctuate diurnally
as does the pulsatile secretion of GH, they serve as convenient indicators of GH secretion that are
measurable on a random blood sample. Indeed, circulating concentration of IGF-I was shown in 114
healthy children and adolescents to both correlate with height and reflect spontaneous GH secretion [4].
IGF-I levels are monitored during treatment with exogenous GH to assess adherence and inform dose
adjustments [2,3,5]. Conversely, IGF-I levels are also employed in diagnosing and evaluating treatment
efficacy for acromegaly, the state of excessive GH secretion [6,7].

Altered nutritional status represents the major non-GH, clinically relevant regulator of IGF-I
levels [8]. Inadequate nutrition causes hepatic GH insensitivity, with a primary reduction in IGF-I
production despite normal or even elevated levels of GH from loss of the normal IGF-I negative
feedback on the pituitary gland and hypothalamus. This has been characterized in patients with
anorexia nervosa [9,10], but also can be seen due to malnutrition from food insecurity (e.g., marasmus
and kwashiorkor), milder dietary intake inadequacy that fails to meet daily demands, or specific
micronutrient deficit like zinc deficiency [8]. Gastrointestinal diseases like Crohn’s disease, celiac
disease, cystic fibrosis, and gastroesophageal reflux disease also can lower circulating IGF-I levels even
in the absence of gastrointestinal symptoms [8]. In the other extreme, obesity blunts GH secretion,
yet circulating IGF-I concentrations in obese individuals often are maintained or even higher than in
non-obese controls. Although obesity did not associate with higher total IGF-I levels in multiple studies
(indeed, an inverse U-shaped association between IGF-I z-score and body mass index (BMI) was shown
in a population-based study of more than 6000 adults [11]), IGF-I bioavailability is increased [8].

Circulating IGF-I concentrations are dependent on age, gender, and gonadal status (pubertal
status in adolescence, reproductive function in adults, and even whether estrogen replacement in
women is administered orally versus transdermally) [12]. Normal IGF-I concentrations rise from
infancy through childhood, peak during puberty (the pubertal growth spurt), and gradually decline
throughout adulthood [13,14]. Alterations in circulating IGF-I concentration can also result from
hepatic disease, renal dysfunction, and diabetes mellitus. Even controlling for these factors, various
IGF-I assays often produce discordant results [15], leading to calls for harmonization of IGF-I assays to
prevent diagnostic misclassifications and to allow meaningful inter-study comparisons of results in
the literature [2,3,16].

Although closely related to IGF-I, IGF-II shows a different pattern. In healthy newborns,
IGF-II concentrations are highest in the fetus, about half that of adult levels, which are reached
by 1 year of age and persist through life [17]. In contrast, rodent IGF-II expression declines early
postnatally, such that rodent models cannot serve to elucidate the physiologic function of IGF-II
persistence in humans. Nonetheless, it is clear IGF-II plays an important role, especially in prenatal
growth. In humans, the IGF2 gene is imprinted and paternally expressed. DNA hypomethylation
in the region of the IGF2 gene that reduces paternal IGF2 expression presents clinically with
Silver–Russell syndrome, which is characterized by both prenatal and postnatal growth failure,
often with body segment asymmetry [18]. IGF2 overexpression (biallelic expression from relaxation or
loss of imprinting) can result in Beckwith–Wiedemann syndrome, an overgrowth syndrome that also
affects both pre- and postnatal growth, can include disproportionate growth (such as macroglossia
and hemihypertrophy), and is associated with increased risk of embryonal tumors [19].
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3. Molecular Regulation of IGF-I Production

IGF action can be modulated at the level of hormone (or autocrine/paracrine) production, hormone
bioavailability, or receptor density and activity. Transcription of the Igf1 gene, on chromosome 12q23.2,
is regulated by GH, in a mechanistic axis termed the “somatomedin hypothesis”, which has undergone
considerable refinement over the years [20,21]. The GH receptor is a paradigmal cytokine receptor,
whose activation recruits the tyrosine kinase Janus kinase 2 (JAK2). This, in turn, activates the signal
transducers and activators of transcription, especially STAT5b [22], a transcription factor that stimulates
transcription of the IGF genes. Apart from JAK2, the GH receptor also directly activates the Src tyrosine
kinase pathway, the MAP kinase pathway, the PI3K/Akt pathway, and the mTOR pathway [23–25].
Naturally occurring and experimentally induced mutations have shed light on the specificity of second
messenger recruitment and the specificity of outcomes conferred by them. Mutations in the GH receptor
or in STAT5b are known to impair IGF production and lead to patients with primary IGF-deficient
growth failure [26,27].

The Igf1 gene encodes the 7.6 kD, single chain 70 amino acid polypeptide, that is cross-linked
by disulfide bridges [28]. The Igf2 gene, on chromosome 11p15.5, encodes the single chain 67 amino
acid polypeptide [29] and is primarily regulated by imprinting. As discussed below, IGF-I and IGF-II
production is determined not only by their transcriptional regulation, but also by interactions with
dedicated molecular chaperones.

IGF bioavailability is primarily regulated via a family of six high-affinity IGF binding proteins
(IGFBPs). Additional lower-affinity IGF binding proteins (named IGFBP-related proteins (IGFBPrPs))
were found by in silico searches for homology to the known IGFBPs; many of these molecules were
previously known in other contexts, serving roles in normal or neoplastic growth [30]. The IGFBPs
prolong the circulating half-life of IGF, transport the IGFs to target cells, and modulate the interaction
of the IGFs with their surface membrane receptors via competitive inhibition. Local proteases, such
as metalloproteinase pregnancy associated plasma protein A2 (PAPPA2), cleave the IGFBP, releasing
the IGF for binding and activation of its receptor [31]. Of note, the IGFBPs have been found to perform
various IGF-independent functions as well [30].

The actions of both IGF-I and IGF-II is mediated via the type 1 IGF receptor (IGF1R),
an α2β2 transmembrane tyrosine kinase receptor that upon ligand binding, autophosphorylates
and phosphorylates signaling pathways such as MAPK and PI3K/Akt [32]. IGF1R bears a high degree
of homology to the insulin receptor, and αβ-hemireceptors of the two can form functioning hybrid
receptors [33]. IGF1R signaling is regulated by internalization of bound receptors into clathrin-coated
pits [34]. Phosphatases like SHP2 also can limit IGF1R signaling [35]. In contrast to IGF1R, the type 2
IGF receptor binds only IGF-II with high affinity, does not possess any recognizable signal transduction
mechanism, and is identical to the cation-independent mannose-6-phosphate (CIM6P) receptor,
a protein involved in intracellular lysosomal targeting [36]. Given the complexities of the system,
an IGF-IR kinase receptor activation assay has been developed to measure IGF-1R stimulating activity
(phosphorylation of tyrosine residues of the IGFIR) as a means of assessing the net effects of the system’s
multiple players in various conditions [37].

Whereas the transcriptional and translational regulation of IGF production follow usual paradigms,
the post-translational regulation of IGFs has unique features. First, as discussed below, maturation
of IGF-I depends on the activity of GRP94, and without it IGF-I does not complete its biosynthesis
and is not secreted [38]. This chaperone interaction provides a new element of regulation outside
the “standard” GH system. Second, as mentioned above, the complexes of IGF-I with the binding
proteins are important for IGF-I function.

4. GRP94

GRP94 is a glucose-regulated protein of 94 kDa molecular size, encoded by the gene HSP90B1
(OMIM #191175), whose chromosomal location is remarkably close to the IGF-I gene. Its expression is
ubiquitous and its transcription is upregulated by low glucose tension [39], among other conditions.
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GRP94 also is commonly known as gp96, ERp99, or endoplasmin [40], referring to its extensive
glycosylation and its abundance in the endoplasmic reticulum. It has the domain structure typical
of the heat shock 90 (HSP90) family of proteins, including a C-terminal domain that mediates
the constitutive dimerization of GRP94 (Figure 1). Like all family members, the N-terminal domain
of GRP94 is a typical ATP-binding domain [41] that affects the dimerization of GRP94 and its action
cycle [42]. The N-terminal domain also mediates binding of antigenic peptides [43] through which
GRP94 activates T cells, the basis for the immunological function of GRP94 [43,44]. The protein
chaperone function of GRP94 also requires the N-terminal ATPase domain [45], but the protein binding
site is thought to reside in the C-terminal domain, around residues 652–678 [46].

GRP94 is an essential chaperone for multiple receptors and secreted proteins [47] (Table 1).
Protein interaction data using GRP94-sufficient and -deficient cells show physical interactions with
~200 proteins and effects on expression levels of ~500 proteins [48], including some of the verified
substrates listed in Table 1. Much of this interactome remains to be characterized. For some of
the substrates (e.g., IGFs) there is genetic evidence that GRP94 is essential, whereas others can be
expressed properly (albeit at lower abundance) even absent GRP94. For many of the susbstrates (e.g.,
thyroglobulin), data only show physical association without a physiological conseqence.

As can be gleaned from this non-exhaustive listing, GRP94 substrates (also called “clients”) are
found in a variety of tissues and cell types. These substrates share no common structural motif that
would predict their association with GRP94, nor do they share a common protein fold or a characteristic
post-translational modification, aside from internal disulfide bonds (Table 1). The only obvious
common denominator is that the substrates are secreted or membrane-bound proteins that are made
in the endoplasmic reticulum. Importantly, even in cases of verified GRP94-substrate interactions,
there can be exceptional isoforms or family members that do not interact, for example, TLR3 vs. most
other TLRs [49].

Table 1. Protein substrates of GRP94.

Protein Substrate Refs Major Expression Notable Structural Features

Immunoglobulin
L chain
H chain

[50,51] B lineage cells
Immunoglobulin fold

Non-glycosylated secreted
Glycosylated secreted or membrane-spanning

Toll-like receptor [52,53] Ubiquitous, predominantly leukocytes Leucine-rich repeats;
Membrane-spanning proteins

Integrins [48] Ubiquitous Immunoglobulin superfamily
membrane-spanning heterodimers

LRP6 [54,55]
EGF-like repeats
β-propeller motifs

Interacts indirectly via MesD

Glycoprotein
Ib-IX-V complex [56] Platelets

Insulin-like proteins
IGF-I
IGF-II
Insulin

[38,57,58] Ubiquitous
Pancreatic β cells

Thyroglobulin [59,60] Thyrocytes Large disulfide-bonded protease-type repeats

GARP [61] Treg cells; Platelets
Membrane-spanning leucine-rich repeats

domains
Tregs and platelets

No GRP94–susbstrate complex has been purified and analysed so far, so the exact mode of
interaction currently can only be simulated, as shown in Figure 1 with human IGF-I [62] and GRP94 [63],
using the ZDOCK algorithm [64]. Furthermore, as GRP94, like all chaperones, binds substrates that
have not yet reached their final three-dimensional structure, the precise interaction is only approximated
based on known mutations in the interacting proteins. This is an implicit limitation of docking studies
such as that shown in Figure 1.
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Figure 1. A predicted complex between GRP94 and IGF-I. The crystal structure of human IGF-1
(1IMX [63]) was docked onto the crystal structure of GRP94 (2O1U [64]) with the ZDOCK algorithm
(version 3.0.2 [65]). The two monomers of GRP94, are shown in cyan and green, with the N-terminal
and C-terminal domains indicated. The interacting amino acids are colored yellow. The complex shown
is the highest scoring predicted complex, and eight other complexes out of the 10 highest scoring ones
overlap with it, predicting the same topology of binding. The GRP94 interacting residues are from
from the internal face of the Middle domain and the C-terminal domain of the chaperone. The IGF-I
interacting residues are mostly derived from its N-terminal 32 amino acids, colored light blue, while
the C-terminal 28 residues (deep blue) are mostly predicted as non-interacting.

Along with molecular specificity, another enigmatic feature of GRP94 is the paucity of
co-chaperones. Its cytosolic homolog, HSP90, has a well-known set of auxiliary proteins that
form transient complexes and impact the quality and/or speed of enhanced folding of the respective
substrates [65]. Even other types of ER chaperones have well known co-chaperones, some general
for all substrates and some substrate-dedicated [66]. In contrast, GRP94 is currently known to work
with only one co-chaperone, CNPY3 [49] (see below). As far as the insulin/IGF substrates, GRP94
co-chaperones are presumably yet to be characterized, because genetic data show that ASNA-1 is
an evolutionarily conserved ATPase that is important for insulin/IGF maturation in both worms
and mammals [67] (see the next section). Further characterization of co-chaperones will no doubt
explain many of the unresolved details about the action cycle of the GRP94 chaperone machine.

GRP94 differs from the cytosolic HSP90 orthologs in inherent, functionally-relevant structural
properties [42] such as the nucleotide-dependent conformational changes of the N-terminal domain [63]
as well as the interactions mediated by the charged linker domain. These differences lead to a different
action cycle of this protein [68,69] and probably also to its ability to chaperone folding of client proteins
without the many co-chaperones that are required for activity of the cytosolic HSP90 orthologs [70].

5. GRP94 as an Obligate Chaperone for IGF-I and IGF-II Production

The dependence of IGF-I maturation and secretion on GRP94 is a property also exhibited by
IGF-II [38,71] and insulin [58] (Table 1), and even by the insulin-like proteins of the nematode C.
elegans, some of which have only weak primary sequence similarity to IGF-I [72], showing that it is
evolutionarily conserved. In contrast, within the TLR family of substrates, TLR3 is exceptional in its
refractiveness to GRP94, showing the selectivity of substrate selection by GRP94 [49]. The chaperone
dependence of the IGFs is based on physical association of pro-IGFs (or pro-insulin) with GRP94,
an association that is transient and occurs early during biosynthesis [38,73]. The precise amino acids of
the pro-insulins that interact with GRP94 have not been mapped, but some experiments plus molecular
modelling indicate that the pro-insulins do not bind at the site of GRP94 that is responsible for binding
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of antigenic peptides [43], but rather bind at a more distal site encompassing the middle and C-terminal
domains of GRP94 [58]. Apparently, their binding site overlaps residues 652–678 [58], the region
that was identified for binding integrins and TLRs [46]. Nonetheless, despite such overlap, there is
more complex specificity built into client selection, for example, the pair Met658/Met662 residues are
essential for integrin folding but not TLRs [46].

Folding of client proteins often involves not just a chaperone protein, but also recruitment of
additional proteins dedicated for the client, which serve as co-chaperones. In the case of GRP94,
the ER luminal protein CNPY3 binds to GRP94 when it is engaged in biosynthesis of Toll-like
receptors, but not other clients. CNPY3 and GRP94 interact with each other and with the TLR client
in nucleotide-dependent manner [49]. Similar complexes have not been defined for the IGF/insulin
proteins, but they likely exist; ASNA1, for example, is an ATPase expressed in insulin/IGF-producing
cells in both worms and humans which regulates insulin secretion [67].

The biological importance of the IGF–GRP94 interaction is highlighted by the discovery of
a hypomorphic variant of human GRP94, P300L, that affects the IGF chaperone activity and limits IGF
biosynthesis [74]. Only four homozygotes have been identified so far, a lower frequency than expected
from genetic principles [74], and heterozygous carriers of P300L are a noncommon single nucleotide
polymorphism with frequencies of 1–4% in various populations. Carriers have 9% lower circulating
IGF-1 concentration. In cell models of P300L heterozygosity, half as much IGF was secreted relative to
wild type GRP94 [74]. It should be noted that the marked dependence of IGFs on GRP94 activity is
unusual—depletion of the chaperone has much milder effects on the expression of some GRP94 client
proteins compared to the secretion of the insulin family clients [52].

Why does the insulin/IGF structure require GRP94? At present, this question is not properly
answered, and the available data only provide hints. The insulin-like family of proteins is unusual
in that they are made initially as small (less than 100 amino acids) pro-proteins, that are processed
proteolytically [72,75]. Furthermore, most of these sequences encode for three disulfides [72] that need
to be bonded in a precise order within a small molecular space, a considerable folding challenge [76,77].
The surprising finding that at least one IGF-I variant has alternative folded states [78] underscores
the folding difficulty, which is one likely reason for the need for molecular chaperones. As GRP94 has
been found to interact with PDIs [60,79] it may act as a scaffolding protein in the recruitment of PDIs
during the folding of the substrates [80].

The essential chaperoning role of GRP94 towards IGFs has implications for cell growth, for normal
tissue differentiation and for cancer progression. A common cellular stress situation is the withdrawal of
growth factors from cells, many of which respond to such stress by autocrine production of the growth
factors [81]. However, cells with mutated or drug-inhibited GRP94 cannot produce these growth
factors [38], leading to arrested growth/differentiation and, in extreme cases, cell death. The requirement
for functional GRP94 in development is illustrated by the dramatic impact of tissue-specific GRP94
depletion on striated muscle [57], where myotube fusion and expression of contractile proteins
downstream of the master MyoD transcription program are inhibited, coincident with the known need
for synergistic input from growth factor signaling [73]. In cancer, elevated expression of GRP94 is
observed in melanoma, ovarian cancer, multiple myeloma, lung cancer, and inflammation-associated
colon cancer. GRP94 expression in cancer cells is closely linked to cancer growth and metastasis
through a number of its clients, as listed above [82]. In part, this is due to response of the GRP94
promoter to some aspects of the tumor microenvironment that may include low glucose level [83],
but is distinct from hypoxia [84]. The increase in GRP94 expression in tumors is tightly linked to
their increased cellular proliferation rate and migration capacities and to their increased production of
growth factors [85].

Constitutive overexpression of GRP94 is a common survival pathway that is usually used during
oxidative stress [86], reflecting the many pathways that involve GRP94. The above three examples
highlight situations that upregulate GRP94 more specifically, because of subsets of interacting proteins.
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Association with GRP94 is by no means the only protein–protein interaction that IGF-I undergoes.
Circulating IGF-I is secreted mainly by the liver and circulates bound to IGF-binding proteins
(IGFBPs), either as binary complexes or ternary complexes primarily with IGFBP-3 or IGFBP-5 and an
acid-labile subunit (ALS). The components of these circulating complexes are produced by different
cells and the complexes assemble after secretion to the circulation [87]. The complexes are important
for the stability of circulating IGFs and also for their signaling function; in the absence of IGFBPs, there
is much lower level of serum IGF-1, but surprisingly, this neither predicted growth potential or skeletal
integrity nor defined GH secretion or metabolic abnormalities [88].

Each IGF-I associated protein appears to play a distinct role in determining musculoskeletal
phenotype, with different effects on cortical and trabecular bone compartments and the striated
muscles [88,89]. The differential effects of hepatic vs. autocrine/paracrine IGF-I is likewise attributable
to different complexes, either due to differential assembly or to different proteases at the target tissue
that cleave the IGFBP to release IGF-I to interact with IGF1R, IGF1R and insulin receptor density,
etc. [90]. Similarly, when skeletal muscle deletion of GRP94 is used to limit production of IGF-I,
endocrine and paracrine IGF-I are shown to regulate both tissue growth and body plan [57,88].

6. Conclusions

6.1. Implications for Novel Mechanisms of Idiopathic Short Stature

The novel association of IGFs with GRP94 that modulates production of IGFs has two implications
for idiopathic short stature and other growth deficiencies. First, as allelic variations of the chaperone
are likely to be new determinants of stature, there are now new target genes that can be screened to
explain clinical observations. Second, based on other interacting proteins like ASNA1, we expect that
the production of multiple insulin-related proteins will be sensitive to the activity of these proteins,
in addition to the quality of the insulin-related protein itself. The chaperone machinery can be
modulated with small molecules, so either GRP94 itself or its interacting proteins provide a novel way
to manipulate both IGF deficiency and excessive production.

6.2. Implications for Cancer Treatment

The IGF-GRP94 interaction has similar implications for cancer, suggesting a potential role for
both genetic screening for and pharmacological agents against the GRP94 machinery. Tumors often
conscript IGF system overactivity as a means of furthering the neoplastic process. Autocrine/paracrine
IGF overexpression by tumor cells or supporting stromal cells serves to stimulate cancer progression.
As an obligate chaperone for secretion of both IGF-I and IGF-II, GRP94 may become a novel target for
anti-neoplastic therapy. This may be particularly important for cancers like breast and prostate that
become IGF-dependent when they become sex hormone-independent. It is conceivable that differences
in the association of IGF-I and IGF-II with GRP94 can be exploited for selective tissue targeting of
compounds and it is also possible that distinct, tissue-specific auxiliary proteins are involved in complex
formation in different cells and therefore can be targeted selectively.
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Abstract: Skeletal muscle is an essential tissue that attaches to bones and facilitates body movements.
Insulin-like growth factor-1 (IGF-1) is a hormone found in blood that plays an important role in
skeletal myogenesis and is importantly associated with muscle mass entity, strength development,
and degeneration and increases the proliferative capacity of muscle satellite cells (MSCs). IGF-1R is
an IGF-1 receptor with a transmembrane location that activates PI3K/Akt signaling and possesses
tyrosine kinase activity, and its expression is significant in terms of myoblast proliferation and
normal muscle mass maintenance. IGF-1 synthesis is elevated in MSCs of injured muscles and
stimulates MSCs proliferation and myogenic differentiation. Mechanical loading also affects skeletal
muscle production by IGF-1, and low IGF-1 levels are associated with low handgrip strength and
poor physical performance. IGF-1 is potentially useful in the management of Duchenne muscular
dystrophy, muscle atrophy, and promotes neurite development. This review highlights the role
of IGF-1 in skeletal muscle, its importance during myogenesis, and its involvement in different
disease conditions.

Keywords: skeletal muscle; IGF-1; MSCs; myogenesis

1. Introduction

Muscles attached to the bone are referred to as skeletal muscle (SM) and account for 30–50% of
body weight and are responsible for skeletal movement. In the human body, SM is one of the most
plastic and dynamic tissue and utilizes up to 50–75% of all body proteins [1,2]. SM cell proliferation and
differentiation are vitally required for appropriate SM development throughout embryogenesis and for
postnatal SM regeneration that is essential for muscle healing after injury [3]. In multicellular organisms,
cell generation in all tissues is under the control of a network of tissue-specific regulators termed
growth factors (GFs). GFs are low molecular weight peptides that are active during cell proliferation
and differentiation [4,5], migration, and apoptosis, and play a significant role in managing growth
signal responses throughout development [6]. GFs have been reported in blood vessels and epithelial,
lymphoid, neural, muscle, lymphatic, erythroid, myeloid, and hepatic systems, and few GFs and
cytokines are produced in each tissue [7]. GFs also regulate cellular responses during wound healing
and act as endogenous signaling molecules [8]. Wound healing is a multifaceted physiological process
that involves interplay between numerous cell types, GFs, extracellular matrix (ECM) constituents,
and proteinases [9].

ECM is well known to preserve SM integrity and participates throughout myogenesis. Our
group has explored the contributions made by several ECM components, e.g., fibromodulin [10–12],
dermatopontin [2], and matrix gla protein [13], during myogenesis. In recent decades, the number of
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cases of debilitating injury has increased, and the treatment of individuals suffering from different
chronic injuries incurs substantial costs, especially in the United States and Europe [14–16]. At each
stage of healing, specific arrangements of cytokines and GFs must cooperate with their respective
receptors and ECM constituents at their target locations [17,18].

GFs play a substantial role in tissue recovery as well as in the regulation of diverse cellular
processes and act as signaling molecules between cells. Because of their instabilities and soluble
natures, developments are required to enable their therapeutic use [19]. GF delivery has been a theme
of augmented recent research attention owing to the controlled and targeted drug delivery in addition
to the development of recombinant DNA methods that have enabled GFs creation [20–22]. Heparin,
a profoundly sulfated glycosaminoglycan, has been used to facilitate the local delivery of GFs from
different matrices (e.g., microcapsules [23]), as it binds and potentiates the activities of GFs. Specifically,
heparin has been shown to prevent the deactivation of GFs [21,24], enhance their interactions with
receptors [25], increase GF loading into delivery vehicles [26], and facilitate the long-terms releases of
GFs [26,27].

Components of the endocrine system, such as growth hormone (GH), insulin-like growth factor-1
(IGF-1), and androgens, are the foremost regulators of muscle metabolism. These endocrine components
have substantial impacts on muscle and act as anabolic factors and significant regulators of muscle
mass [28]. IGF-1 is a 70 aa polypeptide with autocrine, paracrine, and endocrine properties, and shares
a ~60% similarity with IGF-2 and a 50% similarity with proinsulin structures [29]. The actions of IGF-1
and 2 are mainly facilitated by type 1 receptors. Insulin-like growth factor type 1 receptor (IGF-1R) is
required for cell growth and development and to maintain the cell cycle. IGF-1 and IGF-2 are also
known as mitogenic peptides that show homology with each other and with insulin [30–33]. IGF-1 is
considered to play key roles in fetal development and growth up to adolescence, and in the maintenance
of homeostasis in adult tissues by regulating cell proliferation, differentiation, and survival (Figure 1).
It has also been reported IGF-1 has atheroprotective, neuroprotective, and insulin-like effects and that it
regulates skeletal muscle metabolism and regeneration [34]. Physiological maintenance of SM requires
injury or stretch stimulation, which prompts IGF-1 expression [35]. The supplementation of pro-IGF-2
could be one of the most effective therapeutic approaches for muscle injury in elderly people [36].

IGF-1 mRNA gives rise to three proforms, IGF-1Ea, IGF-1Eb, and IGF-1Ec, which yield three
different C-terminal extensions called Ea, Eb, and Ec peptides [37]. IGF-1Ea and IGF-1Eb are necessary
for the initiation of myogenesis in mice, but the loss of IGF-1Ea is related to greater reductions in
myogenesis than IGF-1Eb [38]. Interestingly, IGF-1Ea is upregulated by a single ramp stretch of
one hour but reduced by repeated cyclical stretches, whereas IGF-1Eb is upregulated by cycling
stacking [39]. At the point when the typical strain and stretch are not set up, the IGF-1 signaling
pathway turns into deactivated and prompts muscle atrophy, as appeared in astronauts working in
the microgravity environment [40]. IGF-1 is synthesized and released from the liver along with some
other tissue such as muscle, heart, adipose tissue, brain, and pancreatic β-cell [41]. IGF1 proforms
can induce breast cancer cell proliferation through its receptor [42]. IGF-1 is the main regulator of
growth and metabolism in mammals [31,43]. Circulating IGF-1 is controlled by members of the IGF
binding protein family (IGFBP-1~6) and acid-labile subunit (ALS). GH, insulin, and nutritional status
are responsible for the secretion of IGF-1 [44,45]. The maintenance of hypertrophic phenotype by
IGF-1Ea involves also the activation of AMPK pathways, a factor involved in the maintenance of
whole-body energy balance and an “energy sensor” controlling glucose and lipid metabolism [46].
Either IGF-1Ea or IGF-1Eb expression in muscle, activating a series of anabolic and compensatory
pathways, is able to avoid muscle loss and a normal muscle-nerve interaction [47]. IGFBP belongs to a
family of soluble proteins having a high affinity to bind with IGF-1 and 2. In humans, IGFBP 3 is the
most abundant IGFBP and binds with a maximum amount of circulating IGF-1 [28]. The half-life from
minutes to ∼15 h is extended upon the incorporation of IGF-1 into the ternary complex, thus creating a
stable pool of IGF-1 inside the circulation; which, further combined with the other IGFBP, can provide
subtle regulation of the availability of IGF-1 to target tissues [48,49].
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Figure 1. Role of insulin-like growth factor-1 (IGF-1) in skeletal muscle. IGF-1 is responsible for
fetal development, child growth, and muscle regeneration, and elevated IGF-1 levels are required for
muscle satellite cell (MSC) and myoblast proliferation, postinjury regeneration, and the increase of
skeletal mass.

2. Role of IGF-1 in Skeletal Muscle

IGF-1 plays a critical role in myogenesis during embryonic development, although the mechanism
responsible for IGF-1 mediated myoblast proliferation remains unclear [50]. Aging, ischemia,
cancer, motor neuron degeneration, and heart failure are all associated with SM loss, for which
there is no effective treatment. IGF-1 production plays an important role in muscle healing and
maintenance. Preclinical experiments have shown that IGF-1 is associated with muscle mass and
strength development, it reduces muscle degeneration, prevents excessive toxin-induced inflammatory
expansion, and increases the proliferation capacity of muscle satellite cells (MSCs) [35]. MSCs are
key players in SM regeneration [12], and IGF-1 is also produced in SM to control muscle growth in
a paracrine/autocrine manner [51]. IGF-1 is also a biomarker of health and fitness; in fact, higher
circulating IGF-1 concentrations are positively related to health factors associated with body structure
and cardiovascular strength, and negatively related to body fat levels. Aerobic fitness and muscular
stamina are positively associated with circulating IGF-1 concentrations [52]. Malnutrition, sepsis,
critical sickness, high doses of exogenous glucocorticoids and inflammation, are responsible to lower
the IGF-1 mRNA in muscle [51]. Like IGF-1, IGF-2 is also essential for muscle differentiation and
development and acts in an autocrine manner [53]. Transforming growth factor-beta1 (TGF-β1) has
been reported to diminish IGF-2 gene expression in myoblasts, decrease IGF-2 secretion, and reduce
IGF-1 receptor activation [54].

3. Mechanism of IGF-1 in Skeletal Muscle

Several tissues secrete IGF-1, and the actions of IGF-1 appear to be dependent on the secretory site.
Most IGF-1, also known as “somatomedin C”, is secreted by the liver and transported as an endocrine
hormone to other tissues [55]. The IGF-1 cascade is mediated by its interaction with IGF-1R, which has
transmembrane locations and tyrosine kinase-like activity [51]. IGF-1R acts as a phosphatidylinositol
3-kinase/protein kinase B (PI3K/Akt) pathway activator and its expression is associated with myoblast
proliferation and normal muscle mass maintenance [56] (Figure 2).
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Figure 2. The molecular mechanism of IGF-1. IGF-1 interacts with its receptor (IGF-1R), and thus,
activates the PI3K/Akt and mitogen-activated protein kinase (MAPK) pathways, which regulate MSC
proliferation and differentiation.

It has been reported that the mitogenic activity of IGF-1 on myoblast cells is crucial and mediated
by two main signaling pathways, that is, the mitogen-activated protein kinase (MAPK/ERK1/2) pathway
and the PI3K/Akt pathway, which are both associated with cell cycle progression and cell survival [57].
Furthermore, the Akt-facilitated growth effect of IGF-1 in SM appears to promote protein synthesis and
muscle cell development [58,59]. The PI3K-Akt cascade is the main IGF-1 signal activated in muscle.
Akt1/Akt2 double-knockout mice and IGF-1R knockout mice displayed a severe growth deficiency.
They both exhibited a decreased SM mass, although IGF-1R knockout mice attributed to a decrease in
the number of muscle cells, whereas in the Akt1/Akt2 double-knockout mice attributed mostly to a
decrease in individual cell size and suggested that IGF-1R functions during development are mostly
dependent on Akt [60]. IGF-1 plays an essential role in myoblast proliferation and differentiation,
and protects cells from apoptosis [61]. In the heterotetramer structure of IGF-1R, two subunits are
responsible for IGF-1 binding and the other two subunits exhibit tyrosine kinase-like activity. The
IGF-1 binding capability of the ligand-binding area of IGF-1R has a six-fold greater attraction for IGF-1
than IGF-2. After binding IGF-1, the intrinsic tyrosine kinase of IGF-1R autophosphorylates tyrosines
that then act as docking positions for signaling proteins, which include insulin receptor substrate-1
(IRS-1). IGF-1R also phosphorylates Shc, which subsequently triggers the RAS/MAP kinase pathway
to prompt mitogenesis. Muscle injury enhances IGF-1 synthesis by MSCs in rodents, which stimulates
MSC proliferation and differentiation to myoblasts [35,62,63]. Mechanical loading also affects the
production of IGF-1 by SM [51,64].

4. Relationship Between IGF-1 and Myostatin

IGFs and myostatin (MSTN) have contrasting roles in the regulation of SM size and growth,
in particular, MSTN inhibits SM growth [65]. Circulating MSTN-attenuating mediators are being
developed to treat muscle-wasting ailments, as MSTN/activin receptors are widely distributed among
many nonmuscle tissues [66]. Follistatin is an inhibitor of MSTN and induces dramatic SM mass
increases, upon the IGF-1 receptor/Akt/mTOR cascade [67].

IGF-1 knockout mice show muscle hypoplasia [68]. Moreover, inhibition of MSTN stimulates
the Akt/mTOR/S6K pathway, which is essential for the muscle hypertrophy initiated by IGF-1 [69–71].
The regulation of IGF-1 during the muscle hypertrophy induced by MSTN inhibition is still disputed.
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Elevated expressions of muscle mRNA and circulating concentrations of IGF-1 were observed following
MSTN inhibition [67]. Morissette et al. reported that Akt protein levels were high in SMs of MSTN
knockout mice [70].

5. Role of IGF-1 in Different Diseases

5.1. Role of IGF-1 in Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is a form of muscular dystrophy associated with X-linked
recessive disorder caused by mutation of dystrophin in SM [72,73]. DMD shows a male predominance
and causes muscle degeneration. Several studies have demonstrated extremely encouraging outcomes
for IGF-1 treatment in DMD [74,75]. Moreover, muscle and circulating levels of IGF-1 frequently reduce
in response to glucocorticoids [76]. In vitro study by Fang et al. demonstrated that glucocorticoid
and IGF-1 cotreatment participate in myogenic differentiation through the Akt/GSK-3β pathway
in C2C12 myoblasts. It revealed that increased phosphorylated Ser473-Akt and phosphorylated
Ser9-GSK-3b as well as myogenic differentiation, provide a way for a potential alternative strategy
to DMD treatment [76]. IGF-1 has been recommended for patients experiencing muscle-wasting
conditions [77] and various studies have explored the functional properties of dystrophic SM after
IGF-1 treatment. Lynch et al. found that four weeks of IGF-1 treatment (~2 mg/kg body mass, 50
g/h delivered subcutaneously by a miniosmotic pump) increased the mass and force-producing limit
of SM from dystrophic mice. Furthermore, IGF-1 increased extensor digitorum longus (EDL) and
soleus muscle masses of dystrophic mice by 20% and 29%, respectively, as compared with untreated
dystrophic controls [77].

5.2. Role of IGF-1 in Muscle Atrophy

Muscle atrophy (MA) is defined as a loss of muscle mass and quality, and it is encountered in several
disease conditions, for example, in malignancies, AIDS, congestive cardiovascular breakdown, chronic
obstructive pulmonary disease, and renal failure and in serious burn patients [78]. Anabolic-androgenic
steroids and different hormones, such as GH and IGF-1 appear to increase muscle mass in patients with
MA [79]. Lama2-linked muscular dystrophy is a serious congenital muscular dystrophy produced
by mutations in the LAMA2 gene, and is associated with several pathological problems such as
inflammation, apoptosis, fibrosis, necrosis, severe muscle weakness, and subnominal postnatal growth.
As indicated by Accorsi et al. losartan combinatorial management appeared to enhance transgenic
IGF-1 overexpression, recover postnatal growth, reduce inflammation and fibrosis, increase body
weights, and result in a remarkable restoration of muscle architecture and locomotory ability in DyW
mice (mouse model of Lama2-related muscular dystrophy) [80].

5.3. Role of IGF-1 in Cancer

Increases in IGF-1R activity promote cancer cell proliferation, migration, and invasion and are
related to tumor metastasis, treatment resistance, and reduced survival [81]. IGFBP2 has been identified
as a prominent oncogene in most epithelial cancers [82]. A number of authors have proposed IGFBP2
viewed as a potential target for regulating cancer metastasis and invasion-related signaling networks,
though its mode of action is keenly debated [83]. IGF-1 has been reported to upregulate angiogenesis
and tumor invasion by activating matrix metalloproteinases [84], which are well known nonglycolytic
proteolytic enzyme biomarkers in several cancer types [85]. Currently, therapies targeting the IGF
system have attracted considerable attention in cancer research. The proliferative, antiapoptotic, and
transformative impacts of IGFs are primarily activated by IGF-1R ligation [86]. Higher levels of serum
IGF-1 are linked with increased risk of several common cancers comprising breast, colorectal, and
prostate [87].
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5.4. Role of IGF-1 in Neurodegeneration

Neurodegenerative diseases like Alzheimer’s, Parkinson’s diseases and prion disorders are
associated with aging [88–92]. A number of promising results show that IGF-1 has a restorative impact
on the brain by expanding hippocampal neurogenesis and memory accuracy in older people and
potentially in individuals with neurodegenerative disorders [93]. IGF-1 has a progressively more
powerful trophic impact than GH on sensory and motor neurons and on neuronal growth and recovery.
IGF-1 stimulates neurite development and assumes an essential role during central and peripheral
nervous system development [94,95].

It can be summarized that IGF-1 plays a crucial role in the management of various diseases and
could be used in the therapeutic possibilities of several diseases, including DMD, muscle atrophy, etc.
Recent IGF-1 studies are detailed in Table 1, which clearly showed the role of IGF-1 in various areas
such as SM regeneration, tissue recovery, depression pathophysiology, etc.

Table 1. Recent research studies on IGF-1 in different fields.

S. No. Role of IGF-1 Year References

1.

IGF-1 helps in the growth and regeneration
of SM and bones. Its signaling in the
smooth muscle cell and in fibroblast is a
critical factor of normal vascular wall
growth and atheroprotection.

2020 [96,97]

2.

IGF-1 helps in the activation of IGF-1R and
muscle tissue recovery. Shapiro et al.
indicate that the IGFBP-3/IGF1 conjugated
framework has the potential to be utilized
for in-situ muscle tissue recovery.

2019 [98,99]

3.

IGF-1 have pleiotropic consequences on the
skeleton during the life expectancy by
prompting the bone development and
resorption. Lower IGF-1 levels are related
to lower handgrip strength and more
terrible physical execution.

2018 [100,101]

4.

GH/IGF-1 treatment had various impacts
on patients with traumatic brain injury,
proving a high recuperation of neurons and
clinical results.

2017 [95]

5.
IGF-1 appear in the regulation of neuronal
harm, toxic insults, and a few other
neurodegenerative procedures.

2016 [102]

6.
According to Kopczak et al., the signaling
of IGF-1 could play a role in the
pathophysiology of depression.

2015 [103]

6. Interaction Between IGF-1 and IGF-1R

Protein-protein interactions (PPIs) provide graphical illustrations of interactions between two
or more proteins. PPI strategy plays an important role in the body for metabolic and signaling
processes. A better understanding of the interaction between IGF-1 and IGF-1R along with several
other associated proteins (Figure 3A) was obtained by SIGnaling Network Open Resource (SIGNOR;
http://signor.uniroma2.it). The SIGNOR web tool can be used to predict activation/inactivation,
interactions, and connections between biomolecules and signaling molecules [104]. GFs and other
membrane-bound entities (e.g., ECM molecules) activate transmembrane receptors that trigger signaling
responses that eventually regulate gene expressions and metabolic processes (Figure 4).
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Figure 3. Protein-Protein interactions of IGF-1 with its associated proteins generated by (A) SIGnaling
Network Open Resource, (B) STRING.

 

Figure 4. The mechanistic role of IGF-1 during skeletal muscle differentiation. The figure shows
signaling interactions during muscle differentiation as predicted by SIGnaling Network Open Resource
(SIGNOR).

The STRING database (http://string-db.org) enables critical assessments or direct (physical) and
indirect (functional) PPIs. By using STRING [105], we were able to identify interacting nodes between
IGF-1 and IGF-1R (Figure 3B). The interactions generated by the STRING are based on the known
interactions (from the curated databases and experimentally determined), predicted interactions (e.g.,
gene neighborhood and gene co-occurrence) as well as few other factors viz. text mining, coexpression,
etc. In this interaction, several other associated proteins such as IGFBP 1 to 6, insulin (INS), insulin
to its receptor (INSR), and vascular endothelial growth factor A (VEGFA) were found to interact
with each other through IGF-1 and IGF1R. Black lines represent the coexpression while the light
blue line represents the protein homology. Text-mining data represents the association between
proteins as shown in Figure 3B. The half-life of the IGFs are prolonged by IGFBP and helped in the
growth-promoting effects of the IGFs on cell culture. INS decreases blood glucose and increases cell
permeability to amino acids, monosaccharides, and fatty acids. Binding of insulin to its receptor
(INSR) leads to phosphorylation of intracellular substrates, such as insulin receptor substrates (IRS1, 2,
3, 4), SHC, GAB1, and other signaling intermediates. Each of these phosphorylated proteins serve
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as docking proteins for other signaling proteins. VEGFA is active in angiogenesis, vasculogenesis
and endothelial cell growth, it induces endothelial cell proliferation, promotes cell migration, inhibits
apoptosis and induces permeabilization of blood vessels (http://string-db.org).

In Figure 4, the green circle represents the protein which binds with its receptor to direct the
signaling path inside the cell. IGF-1 interaction is clearly shown in different parts of cells such as
membrane to the nucleus. In this figure, the red line represents the downregulation while upregulation
is represented by the blue line. The dotted line represents the binding mode between the intermediates.

The functions of proteins associated with IGF-1 are provided in Table 2, and the role played
by IGF-1 in myogenesis is depicted schematically in Figure 5. The different myogenic regulatory
factors such as Pax3, Pax7, MyoD, Myf5, MyoG, and Mrf4 genes are collectively expressed in the
SM lineage in different tissues during development [106,107]. IGF-1 plays an important role in
the activation of precursor cells and helps in the activation of the regenerative process. IGF-1 also
increases the proliferation and differentiation of satellite cells and myoblast respectively. IGF-1 helps
in myofiber repair. In precise, IGF-1 can favor regenerative myogenesis and support the robustness
of myofibers [108]. Collectively, IGF-1 is helpful in satellite cell proliferation and differentiation.
Skeletal myogenesis is an extraordinarily complex process, which is regulated at multiple levels, and
transcriptional regulation naturally plays an important role during muscle formation.

 

Figure 5. Role of IGF-1 in myogenesis. IGF-1 is activated during muscle regeneration and increases
MSC proliferation and differentiation. In addition, IGF-1 promotes myofiber repairs.

The structure obtained by the SIGNOR network (Figure 3A) is showing the different proteins
which are interlinked to IGF-1. These proteins are listed in the left part of Table 2. Now, here authors
tried to elaborate in a single word about the function of these proteins as mentioned in the right part of
Table 2. The IGFBP family consists of six IGFBPs, namely IGFBP1 to IGFBP6, however other proteins
with low binding affinity to IGFs were known as IGFBP7, IGFBP8, IGFBP9 [109].

Overall GH is known to stimulate growth in children and adolescents with various metabolic
functions [112]. Musculoskeletal injuries represent a major public health problem [113], and medications
improve muscle repair and restore functions. Increasing IGF-1 levels improves SM recovery after
myotoxic injury and the administration of IGF-1 has the potential for accelerating healing after
trauma [114].
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Table 2. Function of IGF-1 related proteins.

S. No. Name Function

1. IGF-1R Cell growth and survival control

2. IGFBP3 and IGFBP4 Enhance the capability of IGF-1 to
promote cell growth

3. Probable E3 ubiquitin-protein ligase
makorin-3 (MKRN3)

Catalyze the covalent interactions of
ubiquitin moieties onto substrate
proteins

4. IGFBP-complex acid-labile subunit
(IGFALS)

Regulation of the circulation of IGFs
and receptor-ligand binding [110]

5. Protein BANP Cell cycle arrest

6. Transcription factor E2F1 Mediate cell proliferation

7 Transcription factor SOX-4 High-affinity binding to the T-cell
enhancer motif 5’-AACAAAG-3’ motif

8. IGFBP7 Stimulates cell adhesion

9. IGFBP5 Change the interaction of IGFs with
their cell surface receptors.

10. Immunoglobulin superfamily member 1
(IGSF1)

Essential to mediate a specific
antagonistic effect of inhibin B on
activin-stimulated transcription

11. Insulin-degrading enzyme Cellular breakdown of insulin

12. IGFBP1, IGFBP3, IGFBP5 Stimulate IGF actions

13. LDLR chaperone MESD (low-density
lipoprotein receptors)

Help in embryonic polarity and
mesoderm induction

14. Protein NOV homolog (IGFBP9) Binds with integrins or other membrane
receptors e.g., NOTCH1 [111]

7. Concluding Remarks

IGF-1 plays an important role in the maintenance of muscle mass by acting in paracrine, autocrine,
or endocrine manners. GH upregulates IGF-1 synthesis in the liver, and thereby, increases its plasma
concentrations. IGF-1 is the main stimulator of SM mass since this hormone increases protein synthesis
and decreases proteolysis. In addition, IGF-1 increases MSC proliferation and myoblast proliferation
and differentiation during normal growth or regeneration after SM injury. Therefore, IGF-1 increases
SM mass and muscle functional capacities. In addition, IGF-1 plays an important role in the prevention
of muscle atrophy. The development of IGF-1 for the treatment of muscle-wasting conditions remains
an important research challenge.
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Abbreviations

SM skeletal muscle
GFs growth factors
ECM extracellular matrix
MSC muscle satellite cell
IGF-1 insulin-like growth factor-1
IGF-1R insulin-like growth factor type 1 receptor
TGF-β transforming growth factor beta
GH growth hormone
MSTN myostatin
DMD Duchenne muscular dystrophy
MA muscle atrophy
IGFBP IGF binding proteins
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Abstract: The mitochondria are key organelles regulating vital processes in the eukaryote cell.
A decline in mitochondrial function is one of the hallmarks of aging. Growth hormone (GH) and
the insulin-like growth factor-1 (IGF-1) are somatotropic hormones that regulate cellular homeostasis
and play significant roles in cell differentiation, function, and survival. In mammals, these hormones
peak during puberty and decline gradually during adulthood and aging. Here, we review the evidence
that GH and IGF-1 regulate mitochondrial mass and function and contribute to specific processes of
cellular aging. Specifically, we discuss the contribution of GH and IGF-1 to mitochondrial biogenesis,
respiration and ATP production, oxidative stress, senescence, and apoptosis. Particular emphasis
was placed on how these pathways intersect during aging.

Keywords: mitochondria; growth hormone; insulin-like growth factor-1; aging; oxidative stress; senescence

1. Overview of the growth hormone (GH)/insulin-like growth factor (IGF ) Axis

Growth hormone (GH) and the insulin-like growth factor-1 (IGF-1) are part of the somatotropic
hypothalamic-pituitary axis that regulates somatic growth and aging. As such, GH and IGF-1 peak
during puberty to support lean and fat mass gain as well as to enhance skeletal acquisition and linear
growth. During aging, GH and IGF-1 levels are significantly reduced, a state termed somatopause.
Somatopause associates with many pathologies, such as osteopenia [1], sarcopenia [2], cardiovascular
disorders [3,4], and more. For the sake of this review, it is important to distinguish between congenital
somatopause, which results from germline mutations in components of the GH/IGF-1 axis (resulting
in life-long epigenetic changes), and age-induced somatopause, which refers to the natural decline
in GH and IGF-1 levels during aging.

The GH/IGF-1 axis includes the hypothalamic GH-releasing hormone (GHRH) and its receptor
(GHRHR), expressed mainly in the pituitary (Figure 1) [5]. Upon activation, the GHRHR stimulates
pituitary secretion of GH, which is released to the circulation and binds to its specific membrane
receptor (GHR) on cells of different tissues. Among the many actions of GH in liver, its major role is
stimulating the transcription of the IGF-1 gene, the IGF-binding proteins (IGFBPs) [6], and the acid
labile subunit (ALS) that carry IGF-1 in circulation [7]. Other members of this axis are the proteases
that release the IGF-1 from its complex with IGFBPs, pregnancy-associated plasma protein A (PAPP-A),
and the PAPP-A2 [8]. The somatotropic axis is tightly regulated under normal physiological conditions.
IGF-1 in serum provides a negative feedback to the pituitary to specifically inhibit GH secretion.
Somatostatin (SST), secreted by the hypothalamus, inhibits several pituitary hormones including GH.
In addition, SST binds to several SST-receptors (SSTR) on peripheral tissues to inhibit production of
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pancreatic (glucagon and insulin) and gastric (secretin and gastrin) hormones. Secretion of GH is also
regulated by the gastrointenstinal hormone ghrelin. Ghrelin is one of the hormones that regulate food
intake [9]. During hunger, ghrelin levels in circulation are increased and activate hypothalamic ghrelin
receptor to initiate appetite. In addition, ghrelin acts as a GH secretagogue and can induce pituitary
secretion of GH [10].

Figure 1. Schematic summary of the major molecules composing the somatotropic
axis. GHRH—Growth hormone-releasing hormone, SST—Somatostatin, GH—Growth hormone,
GHR—Growth hormone receptor, IGF—Insulin-like growth factor, IGFBP—Insulin-like growth factor
binding protein, IGF-IR—insulin like growth factor receptor-1, IR—Insulin receptor, ALS—Acid labile
subunit, PAPPA2—Pregnancy-associated plasma protein-A2.

Receptors to GH and IGF-1 are present in virtually all cells. The IGF-1 receptor (IGF-1R)
is a tyrosine kinase receptor that activates multiple pathways including (but not limited to)
the Phosphoinositide-3-kinase (PI3K)/Protein kinase B (PKB or AKT), Ras/Raf/Mitogen-activated
protein kinase (MAPK), and Shc [11]. These pathways are implicated in cellular growth, proliferation,
differentiation, survival, metabolism, gene transcription, and protein translation. Apparently,
the PI3K/AKT pathway is central to regulation of cell metabolism and cell fate (apoptosis), both
of which involve mitochondrial function and integrity. The GHR is a cytokine-like receptor that, upon
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ligand binding, activates the Janus kinase 2 (JAK2)/Signal transducer and activator of transcription 5B
(STAT5b) pathway to induce transcriptional activation of genes involved in cellular growth (among
them is Igf1) and metabolic homeostasis [11].

Among other aspects of cellular homeostasis, GH and IGF-1 have important roles in mitochondrial
function. Mitochondria participate in a wide range of processes with vital roles in cellular function.
A key function of mitochondria is generation of adenosine triphosphate (ATP) from metabolic processing
of carbohydrates, fats, and amino acids. In addition, mitochondria regulate other functions such as
calcium homeostasis, cell death programming (apoptosis), inflammation, heat production, and other
tissue-specific functions. Given their critical roles in the cell, it is not surprising that mitochondria
are considered central regulators of aging. This review summarizes a few aspects of mitochondrial
regulation by the GH/IGF-1 axis. We could not possibly include all of the studies that reported how
GH/IGF-1 control mitochondrial function, including the effects of this axis on mitochondria in cancer
cells (which can be found in [12–14]). Instead, our review focuses mostly on different aspects of aging
and how GH/IGF-1 affects mitochondria in that context.

2. GH/IGF-1 Effects on Mitochondrial Biogenesis

Mitochondria are dynamic organelles. The number and size of mitochondria change according to
the cellular metabolic and physiologic conditions. In addition, mitochondria abundance involves fusion
(merging of two originally distinct mitochondria into one), fission (division of a single mitochondrion
into two distinct mitochondria), and biogenesis. Mitochondrial biogenesis requires coupling of
mitochondrial genome replication and fission.

The mitochondrial genome (mtDNA) encodes 13 proteins, 22 transfer-RNAs, and two
ribosomal-RNAs [15]. The 13 proteins encoded by mitochondria take part in oxidative phosphorylation
(OXPHOS) including cytochrome b of complex III; ATP synthase subunits 6 and 8 of the F0 ATP-synthase
complex; cytochrome c (Cyt c) oxidase subunits 1, 2, and 3; and six subunits of the nicotinamide
adenine dinucleotide (NADH) dehydrogenase of complex I (ND1 through ND6). However, there are
approximately 1500 proteins encoded by the nucleus which are necessary for mitochondrial biogenesis
and function [16,17]. As such, replication of the mitochondrial genome is a complex mechanism that
requires activation and translation of a series of nuclear encoded proteins. These mitochondrially
targeted proteins are transported to the mitochondria via channels composed of transporters located
at the outer mitochondrial membrane (TOMs) [18]. One of the proteins that plays key roles
in mitochondrial biogenesis is peroxisome proliferator-activated receptor gamma coactivator 1 α

(PGC1α). Activation of PGC1α leads to subsequent activations of the transcriptional regulators, nuclear
respiratory factors (NRF1 and 2), and peroxisome proliferator-activated receptors (PPARs), which
initiate transcription of nuclear genes involved in mitochondrial biogenesis and function (Figure 2).

The possible roles of the GH/IGF-1 axis in mitochondrial biogenesis were initially recognized
in the early 1970s. Following injection of radiolabelled bovine GH (125I-bGH) to Sprague Dawley rats,
radioactive signals were detected in the mitochondria, nuclei, and other cytoplasmic compartments of
liver and kidney cells [19]. However, a later study found that, in fact, a very negligible amount
of radiolabelled 125I-bGH gets transported to the mitochondria compared to other subcellular
compartments, including microsomes, endosomes, lysosomes, and Golgi bodies [20], suggesting
that GH does not act directly on mitochondria. Instead, it was found that GH affects mitochondrial
protein synthesis. Injection of human GH (hGH) to intact and hypophysectomized (hypox) rats
revealed that the mitochondrial protein synthetic capacity of liver, measured by radioactive leucine
incorporation in vitro as well as in vivo, significantly increased in hGH-treated rats [21]. However,
a later study showed that GH is not the only player in mitochondrial biogenesis. Thus, hypox SD rats
that were treated with hGH (120 μg/day), triiodothyronine (T3, 10 ng/day), or a combination of both
hormones for six days showed that cellular respiration was recovered with T3 treatment but not with
hGH alone [20].
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Figure 2. Schematic summary of the major effects of GH/IGF-1 on mitochondrial gene expression:
Upon binding of GH to the GHR, the Janus kinase (JAK)-Signal transducer and activator of
transcription 5 (STAT5) signaling pathway is activated, leading mostly to increases in IGF-1 transcription.
Binding of IGF-1 to the tyrosine kinase IGF-1R stimulates several signaling pathways including
the Phosphoinositide-3-kinase (PI3K)/Protein kinase B (PKB or AKT) and Ras/Raf/Mitogen-activated
protein kinase (MAPK), involving phosphorylation and dephosphorylation of candidate proteins.
This cascade leads to transcriptional activity of genes involved in mitochondrial biogenesis, control of
Reactive oxygen species (ROS), cell survival (antiapoptotic), and genes involved in metabolism.

Identification of the tight relationship between GH and IGF-1 in control of cellular growth and
replication led to numerous studies aimed at assessing the effects of IGF-1 on mitochondrial biogenesis.
However, as was found with GH, IGF-1 plays indirect effects on mitochondrial biogenesis, likely
in synergy with other growth factors. As such, exogenous IGF-1 increased cell volume but not
mitochondria in rat sciatic Schwann cells [22]. However, addition of the mitogenic factor neuregulin
(NRG) together with IGF-1 increased mitochondrial mass and DNA replication. In MCF-7 and
ZR75.1 breast cancer cells, IGF-1 induced the expression of PGC-1β and PGC-1α-related coactivator
(PRC), which are required for mitochondrial biogenesis (Figure 2) [13]. Increased mitochondrial mass
in these cells associated with reduced expression of the mitophagy mediators BNIP3 and BNIP3L
(BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 and L) and impaired mitophagy suggest
that IGF-1 indirectly regulates mitochondrial turnover via BNIP3. Increased levels of PGC-1α, Nrf1,
Cyt c, and citrate synthase activity were also seen in gastrocnemius muscle cells of old animals
treated with GH, likely mediated by IGF-1 (Figure 2) [23]. Age-induced mitochondrial dysfunction
in reproductive organs causes reductions in oocyte quality leading to infertility. GH partially rescued
the age-induced loss of ovulation stimulation, oocyte formation, and maturation through its effects
on mitochondria [24]. Treating young (4 weeks) and aged (32 weeks) female mice with low, medium,
or high doses of hGH for 8 weeks resulted in increased oocyte number as well as maturation in aged
females that was similar to young females, likely via IGF-1. However, in the latter study, despite these
oocyte functional improvements, there was no change in mitochondrial DNA copy number, suggesting
again that mitochondrial biogenesis was not affected directly by hGH treatment.
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3. GH/ IGF-1 Effects on Mitochondrial Respiration and ATP Production During Aging

Mitochondrial function involves several processes, including cellular respiration, energy
production via the tricarboxylic acid (TCA) cycle coupled with OXPHOS, calcium homeostasis,
cellular replication, apoptosis, and generation of (and protection from) reactive oxygen species (ROS).
These functions are fundamental during growth and development and play major roles during aging.
Although age-induced mitochondrial dysfunction and overall reductions in the secretion and action of
GH and IGF-1 coincide, a clear causality between both processes has not yet been established.

Congenital (life-long) reductions in the activity of the GH/IGF-1 axis was associated with increased
longevity in mice [25], flies [26], and nematodes [27,28]. In the long-lived Ames dwarf mice, the activity
and expression of several complexes of the electron transport chain (ETC) in liver and in kidney
increased [29]. Interestingly, high activity of complex IV of the ETC in Ames mice was in agreement
with enhanced oxygen metabolism found also in the long-lived GH receptor null (GHRKO) mice [30].
Elevated expression of key proteins of the mitochondrial respiration complexes in Ames mice coincided
with reduced production of H2O2 in state 3 (ATP production) and state 4 (reflecting mitochondrial
leak) of respiration in liver mitochondria [31]. Accordingly, the long-lived GHRKO and Ames mice
exhibit improved glucose homeostasis and energy metabolism evidenced by decreased respiratory
quotient (RQ) and increased oxygen consumption (VO2). In contrast, bGH mice, with high GH/IGF-1
levels show decreased VO(2) and increased RQ [30,32,33]. Taken together, these animal models suggest
that diminished GH/IGF-1 activity improves mitochondrial flexibility and increases the capacity for
fat oxidation. Interestingly, a recent study found that housing the GHRKO mice at thermoneutral
temperature (30 ◦C) resulted in decreased expression of thermogenic genes in brown adipose tissue
(BAT) and elevated core body temperature [32]. However, these mice still maintained their extended
longevity phenotype at 30 ◦C [32], suggesting an intrinsic advantage of mitochondrial function
in the GHRKO mice. Together, congenital decreases in the GH/IGF signaling in genetically modified
mice were associated with reduced levels of ROS, upregulated activity of the mitochondrial ETC,
and overall enhanced mitochondrial function [31,34].

In humans, GH and IGF-1 levels peak during puberty, decline during aging [35], and coincide
with unfavorable effects on mitochondrial metabolism in brain (cognition [36]), muscle (sarcopenia [2]),
and skeletal tissue (osteopenia [1]). IGF-1 haploinsufficiency (IGF-1+/−) in mice was associated with
mitochondrial dysfunction accompanied by increased level of lipid peroxidation, protein carboxylation,
and intramitochondrial ROS in hepatocytes [37]. The reductions in mitochondrial membrane potential
and OXPHOS in the IGF-1+/− mice were resolved with IGF-1 treatment. IGF-1 administration to old
Wister rats (103 weeks) for 30 days rescued mitochondrial membrane potential, oxygen consumption
rate, proton leak, ATP production, cytochrome oxidase, and ATPase complexes activities in isolated
mitochondria from livers [38]. Additionally, the age-associated increases in mitochondrial ROS
production, reduced antioxidants activities, and increased apoptosis in isolated mitochondria were
resolved by IGF-1 treatment, suggesting cytoprotective effects of IGF-1.

IGF-1 plays essential roles in the function of mitochondria in the central nervous system [39].
Hippocampal mitochondria of 18-month-old mice with adult-induced liver IGF-1 deficiency (iLID)
(at 5 months of age) showed lower level of OXPHOS and increased mitochondrial uncoupling, lower
level of ATP production, and increased level of oxidative damage, as compared to aged controls [39].
This compromised mitochondrial function in the iLID mice manifested as impaired spatial acquisition
and reversal learning. Similarly, specific ablation of IGF-1R in astrocytes [40] caused impaired
mitochondrial energy metabolism, OXPHOS, and decreased glucose and amyloid β uptake. Overall,
data suggest that increases in IGF-1 signaling in astrocytes may rescue from age-related mitochondrial
dysfunction and cognitive decline.

Sarcopenia, age-associated reductions in skeletal muscle-mass, is thought to result from reduced
level of GH. Low doses of GH administration to 22-month-old Wistar rats for 8 weeks increased
circulating IGF-1 levels, enhanced the synthesis of mitochondrial proteins and antioxidant enzyme
activities (catalase, glutathione peroxidase, and glucose-6-phosphate dehydrogenase (G6PDH)),
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and reduced oxidative damage (measured by the levels of 8-OHdG) in the skeletal muscle [23].
GH administration induced the activation of the anabolic AKT, mTOR, p70S6K, and Myf-5 factors while
inhibiting p21, p38, and muscle RING finger-1 (MuRF-1) catabolic signals. Similarly, it was reported
that a decline in GH/IGF-1 signaling in muscles of old rats associated with mitochondrial dysfunction.
Following treatment with antioxidants, GH and IGF-1 levels in serum increased and associated with
improvement of cristae structure and clustering of muscle mitochondria [41]. Likewise, IGF-1 alleviated
dysfunctional mitochondria of cardiomyocytes from obese mice [42]. Glucose uptake, ATP production,
and aconitase activity increased while lipid peroxidation, ROS production, protein carbonyl content,
and apoptosis decreased in transgenic mice with overexpression of cardiomyocyte-specific IGF-1 that
were fed a high fat diet. Furthermore, cardiomyocyte-specific IGF-1 induced the expression of Cyt
c, PGC-1α, and UCP2 as well as the essential intracellular Ca2+ regulatory proteins SERCA2a and
the Na+/Ca2+ exchanger.

Mitochondrial dysfunction was also reported for cortical bone osteocytes in GHRKO mice,
which exhibited reduced mitochondrial membrane potential, decreased ATP production, and reduced
maximal respiration in both young and old mice [43].

Overall, it seems that GH/IGF-1 signaling involvement in mitochondrial function is multifaceted,
with important tissue-, organ-, and age-dependent features. Importantly, there are fundamental
differences between the effects of age-induced reductions in GH/IGF-1 on mitochondrial function and
those of life-long, congenital, ablations of members of the GH/IGF-1 axis on mitochondrial function.

4. GH/IGF-1 Effects on Oxidative Stress During Aging

According to the free radical theory of aging, ROSs generated by the ETC in the mitochondria or
via nitric oxide metabolism in the cytosol have the potential to result in oxidative damage to DNA,
proteins, and lipids and thus to accelerate aging (Figure 3) [44–47]. Superoxide anion (O2

−) and
H2O2 are produced in mitochondria as byproducts of OXPHOS. Further, H2O2 can be converted into
a dangerous hydroxyl radical (HO) during Fenton’s reaction in the presence of Fe2+ [48]. Antioxidant
defense includes enzymatic activation of superoxide dismutases (SODs), which are metalloproteins
that convert superoxide to hydrogen peroxide and molecular oxygen. There are three types of SODs:
Cu/Zn-SOD, predominantly located in the cytosolic fractions; Mn-SOD, located in the mitochondria;
and EC-SOD, which is found in the extracellular space [49]. Catalase is a heme protein located
predominantly in peroxisomes and the inner mitochondrial membrane.

Figure 3. Mitochondria produce ATP and reactive oxygen species (ROS) as byproducts of oxidative
phosphorylation (OXPHOS): In youth, ROSs are neutralized by the antioxidant system. Accumulation
of proteins and enzymes damaged by escaped ROS leads to impairment of mitochondrial function
during aging. Mitochondrial dysfunction is correlated with the decline in GH/IGF1 signaling and is
linked to a variety of age-related diseases.

There are numerous reports showing that GH/IGF-1 signaling controls the expression and
activity of antioxidant enzymes and thus regulates the level of oxidative stress. Congenital IGF-1R
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haploinsufficiency in mice (Igf1r+/−) alters sensitivity to oxidative stress. Embryonic fibroblasts from
Igf1r+/−mice are more resistant to hydrogen peroxide-induced cell death [25]. Accordingly, we found
that IGF-1 null mice that exclusively express hepatic IGF-1 transgene (KO-HIT mice) [50] show
increased levels of lipid peroxidation products in serum and increased mortality rate at 18 months of
age in both sexes, suggesting that elevations in serum IGF-1 are harmful. Mutations that affect pituitary
development (Prop1 and Pit1) and consequently lead to decreases in GH, thyroid stimulating hormone,
or prolactin are associated with resistance to oxidative stress. Ames dwarf mice have very low serum
IGF-1 levels and increased activities of catalase and Cu/Zn SOD [51]. These mice show reduced levels of
DNA and protein oxidation in liver [52] and reduced serum and liver F2-isoprostanes, which are a stable
lipid peroxidation product [53]. Similarly, the GH-deficient Snell and lit/lit dwarfs show resistance
to oxidative stress [54,55]. Supplementation of GH to Ames dwarf mice for 7 days increased plasma
IGF-1 levels and body and liver weights. However, mitochondrial glutathione S-transferase (GST)
proteins (GSTK1 and GSTM4) significantly reduced with treatment [56,57]. Furthermore, glutaredoxins,
which are localized in the mitochondria and sense cellular oxidative stress, significantly reduced
with GH administration. In line with these data, it was reported that GHRKO mice exhibit increases
in glutathione (GSH) and methionine (MET) metabolism in several tissues, making them more resistant
to oxidative damage and delayed aging [58]. However, GHRKO mice, although resistant to oxidative
stress, do not show improved free radical scavenging in the liver or kidney [59], though it is possible
that other tissues such as muscle respond differently. Although informative, data from congenital
models of the GH/IGF-1 axis cannot be directly extrapolated to normal aging in other animal models
or in humans. These models exhibit altered developmental programming that affect their aging.

GHRKO mice resemble the human Laron syndrome (LS), which is caused by a deletion or
an inactivating mutation of the GHR gene [60–63]. Similar to the GHRKO mice, LS patients have short
stature, increased body adiposity, and low IGF-1 in serum [63,64]. Genome-wide microarray studies
conducted on lymphocytes from LS patients identified a series of genes that are differentially expressed
in various pathways, including oxidative stress, apoptosis, metabolism, Jak-STAT, and PI3K-AKT
signaling. Among the overexpressed genes in LS, thioredoxin-interacting protein (TXNIP) was
identified as a new target for IGF-1 and insulin action. TXNIP belongs to the α-arrestin family [65].
It binds to the catalytic active-center of reduced thioredoxin (TRX) and inhibits its expression and
activity, highlighting the key role of TXNIP in redox regulation. Oxidative stress leads to TXNIP
shuttling from the nucleus into the mitochondria. TXNIP inhibits proliferation via activation of
the apoptosis signal regulating kinase 1 (ASK1) [66] and functions as a tumor suppressor, being
commonly silenced in cancer cells [67–71]. Similar to LS patients, GHRKO mice show reduced
tumor incidence in experimental models of cancer [72]. In accordance with its enhanced expression
in LS-derived cells, qPCR revealed that TXNIP expression increased approximately two-fold in livers
of GHRKO mice, while it decreased in HIT mice overexpressing IGF-1 in the liver.

LS lymphocytes were shown to display protection from oxidative stress [73]. Accordingly,
induction of oxidative stress in lymphocytes from LS patient (Figure 4A) leads to upregulation of TXNIP.
The capacity of IGF-1 to downregulate the oxidative stress-induced TXNIP upregulation (Figure 4B)
indicates that IGF-1 could rescue the cells by downregulating TXNIP. TXNIP acts as an oxidative
stress mediator by inhibiting TRX activity or by limiting its bioactivity [74]. The redox-related
protein complex TRX/TXNIP, or “redoxisome,” is a critical regulator of ROS signalling and is involved
in the pathogenesis of various diseases, including autoimmune and degenerative conditions [68].
The finding that TXNIP levels are increased in response to oxidation in LS patient-derived but not
control lymphoblastoid cells is of major translational relevance.

Apart from oxidative stress, TXNIP was reported to function as a strong glucose sensor as its
expression increased upon high-glucose stress [75]. TXNIP knockout mice (TXNIP KO) show impaired
metabolic homeostasis, including adipogenesis and reduced gluconeogenesis [76], and decreased
glucose uptake [77]. Similarly, a recently described human mutation demonstrated that diminished
TXNIP function is linked to inefficient utilization of glucose [78]. Accordingly, glucose stress
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(hyperglycemia) upregulated TXNIP levels in 3T3LY adipocytes and was downregulated by IGF-1 and
insulin (Figure 5A) [79]. Overall, these studies show that oxidative and glucose stresses induced TXNIP
levels at both the transcriptional and translational levels (Figure 5B) and that IGF-1 indirectly regulates
cellular TXNIP, protecting the cells from apoptosis (Figure 5C) [79]. The potential involvement of
epigenetic mechanisms, particularly DNA methylation and histone acetylation, in inhibitory regulation
of TXNIP gene expression by IGF-1 is currently unknown.

Notably, there are numerous studies indicating that administration of GH/IGF-1 in vivo or
in vitro protects from oxidative stress, specifically during aging. Old Wistar rats treated with GH
showed increased circulating IGF-1 levels and reductions in age-associated oxidative stress in skeletal
muscle [23]. This was accompanied by increased levels of the antioxidant enzymes catalase, glutathione
peroxidase, and G6PDH. Similarly, supplementation of IGF-1 to aged rats associated with reduced
oxidative damage and restored levels of SOD, glutathione peroxidase, and catalase in hippocampus [34].
Hepatic tissue level of catalase was also restored with IGF-1 treatment in old rats, suggesting antioxidant
properties of IGF-1 in brain and liver [34].

Figure 4. Effect of oxidative stress on thioredoxin-interacting protein (TXNIP) levels [79]: (A) Effect of
oxidative stress on TXNIP levels in Laron syndrome (LS)-derived and control lymphoblastoids. Four
individual LS and three control lymphoblastoid cell lines were treated with 300 mM of H2O2 for 2 h,
and levels of TXNIP mRNA were measured by RT-QPCR. A value of 1 was given to TXNIP mRNA
levels in untreated cells (solid bars). (B) Serum-starved HEK293 cells were treated with H2O2 (100 mM)
or IGF1 (50 ng/mL) or both for 2 h. TXNIP and tubulin were detected by Western blotting.
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Figure 5. Effect of glucose stress on TXNIP levels [79]: (A) Serum-starved 3T3-L1 cells were maintained
in medium with different concentrations of glucose in the presence or absence of IGF1 or insulin for 6 h.
TXNIP, phospho-IGF-1R, and tubulin were detected by Western blotting. Schematic representation
of the regulation of TXNIP by IGF1 signaling: (B) Under normal serum-free conditions, TXNIP is
upregulated upon oxidative and glucose stresses. The activated TXNIP inhibits glucose uptake and
is capable of mediating mitochondrial mediated apoptosis. (C) Upon IGF1 stimulation, TXNIP is
downregulated even under oxidative and glucose stresses. Suppression of TXNIP leads to inhibition of
apoptosis with ensuing increase in cell proliferation.

IGF-1 is reported to be protective against oxidative stress in cardiac and skeletal muscle. Pathologic
left ventricular remodeling and functional loss following myocardial infarction were more severe
in dwarf rats (dw/dw) with significantly reduced GH/IGF-1 [80]. Using an ex vivo murine model of
myocardial ischemia/reperfusion injury, it was found that IGF-1 protects ischemic myocardium from
further reperfusion injury, likely via maintenance of mitochondrial to nuclear DNA ratio within heart
tissue [81] and by activation of the PI3K-Akt and/or Erk 1/2 kinase cascades [82]. Likewise, hearts of
IGF-1 transgenic mice were protected from ischemia and reperfusion [83], and streptozotocin-induced
diabetic cardiomyopathy in mice resulted in accumulation of nitrotyrosine (a reactive oxygen product)
in vivo and the formation of H2O2 in myocytes in vitro that were rescued in IGF-1 transgenic mice [84].
Additionally, IGF-1 protected from 2:4 dinitrophenol-induced oxidative stress in rat muscle in vitro [85]
and myoblasts protected from H2O2 stress-induced apoptosis [86].

The protective effects of the GH/IGF-1 axis from oxidative stress was demonstrated for many
cell types. Endothelial cells from Ames dwarf mice show elevated levels of H2O2, increased
mitochondrial ROS, and decreased antioxidative enzymes such as SODs and glutathione peroxidase.
These observations were in accordance with in vitro findings using cultured aortic segments and
human coronary arterial endothelial cells. Treatment of these cultures with GH and IGF-1 lead to
elevations in the level of antioxidants and reduced prooxidant levels [87]. In astrocytes, downregulation
of the IGF-1R increased mitochondrial ROS production and reduced resistance to external oxidative
damage [40]. IGF-1 promoted the survival of rat primary cerebellar neurons and of immortalized
hypothalamic rat GT1-7 cells following H2O2-induced oxidative stress [88]. There is a long list of
studies utilizing numerous cell types, showing the protective effects of GH/IGF-1 from oxidative stress
that, although important, were not included in our review.

Antioxidant administration to old animals can elevate circulating GH and IGF-1 levels. Thus,
treatment of Wistar rats or senescence-accelerated OXYS rats with antioxidants and, in particular,
with mitochondrial antioxidants prevented the age-associated decrease in serum levels of GH and
IGF-1 [41,89]. These were accompanied by improvements in pathologies such as retinopathy and
cataract, learning ability and memory, and immune system decline [89,90]. Treatments of aged rats
with mitochondrial antioxidants also led to improvement of mitochondrial structure-disorganization
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developed with age in muscle tissues. Disorders of muscles tissue mitochondrial apparatus in old
rats could be driven by a decline in GH/IGF-1 signaling, as improvement of cristae structure and
clustering of muscle mitochondria was correlated with an increase of GH and IGF-1 levels in serum
after treatment with mitochondrial antioxidants [41].

In summary, insufficient levels of GH/IGF-1 are associated with organ-specific impairment of free
radical scavenging systems. GH/IGF-1 plays significant roles in regulating oxidative stress, which is
clearly only one of many mechanisms affecting mitochondrial function during aging. Finally, there
are fundamental differences in handling oxidative stress between age-associated decline in GH/IGF-1
(somatopause) and congenital impairments in the GH/IGF-1 axis.

5. GH/IGF-1 Effects on Cellular Senescence

Cellular senescence is characterized by an irreversible block of the cell cycle. This mechanism was
initially thought to function as protection against cancer [91], but later studies have found that senescence
is linked to aging and age-related diseases. Senescent cells undergo numerous phenotypic and metabolic
modifications. They show increased cells size [92], dysfunctional mitochondria and telomeres,
impaired DNA damage response, increased secretory functions, formation of heterochromatic foci,
and a senescence-associated secretory phenotype (SASP). In fact, the SASP is a main feature of senescent
cells, which secrete pro-inflammatory cytokines and chemokines, growth factors, and proteases, forming
a toxic and harmful microenvironment to non-senescent cells [93–97].

Mitochondria undergo drastic changes in morphology and function in senescent cells. Given
the complex functions of mitochondria, it is hard to dissect the specific mitochondria-mediated
mechanisms leading to cell senescence. Several potential mechanisms, mediated by mitochondria, that
may lead to cell senescence include increased ROS production and elevations in damage-associated
molecular patterns (DAMPs) leading to DNA damage response (DDR), which locks the cells
in a senescence mode, leading to SASP. Senescent cells exhibit increased mitochondrial mass but,
at the same time, show reduced OXPHOS and rely mainly on ATP from glycolysis. Increased
mitochondrial mass is driven by upregulation of PGC-1β [98]. Accordingly, deletion of PGC-1β
in mice delayed several aspects of senescence [98]. In line with these data, it was shown that senescent
pancreatic beta cells exhibit increased mitochondrial biogenesis [99].

Pituitary adenomas expressing and secreting GH exhibit a senescent phenotype.
Autocrine/paracrine GH acts in pituitary cells as an apoptosis switch for p53-mediated senescence,
likely preventing the pituitary adenoma cells from progression to malignancy [100]. Skin fibroblasts
from acromegalic patients (with excess GH and IGF-1) exhibit shortened telomeres and cellular
senescence [101]. Similarly, senescence-associated gene expression of p16 and IL-6 increased
in white adipose tissue of 10-month-old female bGH transgenic mice as compared to controls.
In addition, β-galactosidase (β-gal)-positive cells (senescence-associated) were elevated in GH-injected
19-month-old female mice as compared to age-matched saline-injected controls [102]. Accordingly, mice
with a specific deletion of the IGF-1R in cardiomyocytes show delayed development of aging-associated
myocardial pathologies [103]. Cultured cardiomyocytes treated with IGF-1 exhibited increased
senescence, while inhibition of phosphoinositide 3-kinase prevented the IGF-1-mediated increase
in interleukin (IL)-1α, IL-1β, receptor activator of nuclear factor-κB ligand, and p21 protein levels [103].
Finally, prolonged IGF-1 treatment of MCF7 cells inhibited SIRT1 deacetylase activity, associated with
increased p53 acetylation and activation, and lead to premature cellular senescence [104]. Similarly,
prolonged exposure of primary human mesangial cells to glycated albumin (GA) was associated
with IGF-1 release, activation of the IGF-1R, and enhanced cellular senescence. GA-induced IGF-1R
activation associated with a reduction in the catalase content likely through activation of the Ras
and Erk1/2 pathway. Downregulation of the IGF-1R via overexpression of klotho lowered p53 and
reversed the senescence phenotype [105]. In vitro, cell senescence is often observed once cells reach
confluency. IGF-1 promoted senescence in mouse embryonic fibroblasts and human fibroblasts as
well as in rat vascular smooth muscle cells (VSMCs) after attaining confluency. The IGF-1-induced
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senescence in these cells was associated with elevated cellular ROS, p53, and p21 protein levels and
the DNA damage marker γH2AX [106].

On the other hand, there are studies showing that GH/IGF-1 protects from senescence.
GH treatment (0.4 mg/d for 7 days) of endothelial progenitor cells from patients with atherosclerosis
reversed age-related dysfunction and attenuated senescence (indicated by increased telomerase
activity) [107]. These findings were in line with another study in which GH was incorporated into
reconstituted high-density lipoprotein (rHDL) and delivered to zebrafish. In this study, GH enhanced
anti-atherosclerotic activity and antisenescence activity with inhibition of fructose-mediated
glycation [108]. Likewise, IGF-1 gene transfer to CCl4-treated rats (with liver injury and fibrosis)
relieved hepatocyte oxidative stress and premature senescence, likely mediated by the p53/progerin
pathway [109]. In vitro, IGF-1 treatment of H2O2-exposed hepatocytes reversed oxidative
stress-induced premature senescence via enhancing cytoplasmic AKT1–p53 interaction and by
subsequently inhibiting nuclear p53–progerin interaction [109].

6. GH/IGF-1 Effects on Mitochondria-Mediated Apoptosis During Aging

Similar to senescence, programmed cell death, or apoptosis, is believed to be a consequence
of cellular stress and mitochondrial dysfunction. However, the roles of apoptosis during aging are
uncertain. In general, the determinants of whether a cell activates senescence or apoptosis pathways
are cell-type, stress-type, and stress-intensity dependent. It is important to note that apoptosis occurs
mainly through activation of a mitochondrial intrinsic pathway, which depends on caspase 9 and
apoptotic protease activating factor 1 (Apaf1) or via an extrinsic pathway mediated by the Fas ligand
and tumor necrosis factor receptor (TNFR) and by activation of caspase 8. Herein, we will describe
shortly the roles of the GH/IGF-1 axis in mitochondrial (intrinsic)-mediated apoptosis.

A key step in mitochondria-mediated apoptosis is the release of Cyt c from the inner mitochondrial
space (Figure 6). Several pathways are known to trigger Cyt c release including opening of
the mitochondrial permeability transition pore (PTP). Opening of the PTP leads to mitochondrial
swelling, depolarization of the membrane potential, subsequent rupture of the outer membrane,
and nonselective release of intermembrane space proteins. Once released, Cyt c binds to Apaf1 and
activates a group of cysteine proteases called caspases that cleave an array of substrates and proteins
that are vital to cellular function. The Apaf1-cyt c-caspase 9 form apoptosome complexes. Apoptosome,
central to the apoptotic pathway, binds to other pro-enzymes and cleaves them to their active forms.

Cyt c release from mitochondria is a primary signal for B-cell lymphoma 2 (Bcl-2)-regulated
inhibition of apoptosis [110,111]. Bcl-2 is localized in the outer mitochondrial membrane (Figure 6).
Bcl-2 belongs to a large family of proteins with antiapoptotic properties (i.e., Bcl-XL, Bcl-w, Mcl-1, A1,
Bcl-Rambo, Bcl-L10, and Bcl-G) and proapoptotic properties (i.e., Bax, Bak, and Bok) [112]. There are
several other proteins that block the antiapoptotic activity of Bcl-2, which are termed proapoptotic
BH3-only proteins (i.e., Puma, Noxa, Bid, Bad, Bim, Bik, Hrk, and Bmf) [113]. However, it appears
that Bax/Bak are the key regulatory targets where many intracellular signals converge and determine
a cell’s fate [114]. It was widely accepted that the role of the antiapoptotic BCL-2-like proteins is to
inhibit their proapoptotic counteracting partners, such that the balance between anti- and proapoptotic
BCL-2 family proteins determines cell fate. However, this model is oversimplified in view of later
discoveries, including the occasional interconversion of anti- and proapoptotic activities of these
proteins, and the findings that BCL-2 family members exhibit nonapoptotic functions [115,116].

The insulin and IGF-1 signaling pathway (IIS) are the most evolutionarily conserved pathway of
aging. IGF-1 has been recognized as a survival factor of numerous cell types. Activation of the insulin
or IGF-1 receptors elicits activation of several pathways; among them are the mitogen-activated protein
kinase (MAPK) pathway and the PI3K-AKT pathway. Activation of AKT leads to phosphorylation and
inactivation of a group of forkhead box transcription factors of the class O (FOXO) factors by retaining
them in the cytoplasm. Phosphorylation of FOXOs and their binding to the regulatory proteins 14-3-3
sequester them from the nucleus, leading to suppression of FOXO-dependent transcription (mostly
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the BH3-only proteins) [117–119]. Thus, the survival factor IGF-1 attenuates apoptosis via activation of
the PI3K-AKT pathway and inhibition of FOXO proteins.

Figure 6. The effects of IGF-1 on mitochondria-mediated apoptosis: Cellular stress leads to permeability
transition pore (PTP) opening, reduction in OXPHOS function, membrane potential, and ATP production,
while ROS production is increased, altogether leading to cyt c release. Cytosolic Cyt c activates
the apoptosome, leading to cell death. IGF-1R-mediated inhibition of apoptosis occurs via activation of
two major signaling pathways that trigger phosphorylation cascade of cytosolic and nuclear proteins
regulating transcription and activation of proteins involved in protection from apoptosis. The AKT
pathway leads to phosphorylation of Forkhead box transcription factors of the class O (FOXO) proteins
and subsequent inhibition of their transcriptional activity. The MAPK pathway, stimulated by IGF-1
binding, activates the Bcl antiapoptotic family of proteins.

FOXOs are the most important transcriptional effectors of the IIS, and as such, they are tightly
regulated post-translationally [120]. Mammals have four FOXO genes: FOXO1, FOXO3, FOXO4,
and FOXO6. FOXO1-null mice are embryonically lethal, while FOXO3, FOXO4, and FOXO6 show
mild phenotypes [121]. Tissue-specific approaches to delete FOXO proteins 1, 3, and 4 have established
the importance of these factors in regulation of cell fate. For example, ablation of Foxo1, 3, and 4
proteins in osteoblasts associated with increases in oxidative stress and osteoblast apoptosis [122],
while osteoblast-specific overexpression of Foxo3 decreased oxidative stress and apoptosis.

In summary, the GH/IGF-1 axis regulates mitochondrial (intrinsic)-mediated apoptosis mostly via
activation of the PI3K-AKT/FOXO pathway and possibly via cell-specific transcriptional regulation of
antiapoptotic genes. However, while during development and adult stages apoptosis is required for
the normal cell turnover in specific tissues (such as endothelium, intestinal epithelium, etc.), the role of
apoptosis during aging is not clear. In fact, apoptosis was shown to decrease in adipose mesenchymal
stem cells from healthy young, middle-aged, and aged volunteers [123]; in bone marrow mesenchymal
stem cells from old mice [124]; in livers of old rats challenged with DNA-damaging agents as compared
to their young controls [125]; and even in response to radiation of peripheral blood lymphocytes
from old mice [126]. Accordingly, reductions in markers of apoptosis during normal aging was also
found in human serum [127]. Perhaps during aging, mitochondrial dysfunction leads mostly to cell
senescence as opposed to apoptosis.
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7. GH/IGF-1 Effects on Mitochondrial Function During Inflammation

Inflammation is a defense mechanism against harmful stimuli that damage cellular
homeostasis [128]. Inappropriate response to cellular damage may lead to chronic inflammation,
including autoimmune diseases, diabetes, allergies, cardiovascular diseases, asthma, cancer, arthritis,
and aging [129,130]. Response to various immunological challenges entails particular metabolic
configurations for energy generation required for biosynthesis of molecules [131]. Dysfunctional
mitochondria with excessive ROS, abnormal calcium and potassium ion mobilization, and unusual
ATP or NAD+ levels can trigger immune response [132]. On the other hand, inflammatory cytokines
acting upon cells can trigger intracellular signaling cascades altering mitochondrial dynamics and
mitophagy and eventually resulting in cell death [133,134].

The GHR and IGF-1R are expressed on immune cells and participate in thymic development
and differentiation of immune cells such as T-cell, B- cell, and natural killer cells as well as in antigen
presentation, antibody production, etc. [135,136]. Additionally, there are studies showing local
production of GH and IGF-1 by lymphocytes, suggesting an autocrine/paracrine regulation of immune
cells [137,138]. Further, human lymphocytes treated with super physiological levels (abuse) of IGF-1 can
undergo cytoskeletal reorganization and overproduction of cytokines, augmenting the inflammatory
response [139]. On the other hand, children with chronic inflammatory disorders exhibit excessive
pro-inflammatory cytokines production and show growth failure and pubertal abnormalities [140].
Similarly, the elderly, with reduced GH or IGF-1 signals show poor response to immune stimuli [141].

The effects of GH/IGF-1 on mitochondria of inflammatory cells are underexplored. Aging is often
associated with metabolic abnormalities accompanied by increased chronic inflammation in many
tissues, including the brain. In fact, GH signaling was found to positively modulate brain inflammation
in aged mice [142]. Accordingly, GHRKO mice showed reduced inflammation in the hypothalamus.
GHRKO and Ames mice displayed lower glial fibrillary acidic protein (GFAP) and tumor necrosis
factor (TNF)-α levels in the hypothalamus, indicative of reduced inflammation. Consequently,
administration of GH to GHRKO and Ames mice led to increased GFAP and TNF-α and increased
brain inflammation [142]. As mentioned above, the GHRKO is a mouse model with congenital ablation
of the GH/IGF-1 axis. It is unclear whether this axis plays a role in systemic or central inflammation,
particularly during natural aging where a gradual fall in GH/IGF-1 signals happens.

8. Summary

GH and IGF-1 are pleotropic hormones affecting multiple cellular functions, including cell
proliferation, differentiation, metabolism, and cell survival. Both hormones activate many signaling
cascades implicated in regulation of mitochondrial proteins expression and function. Most evidence
indicates that the effects of GH on mitochondrial mass and function are indirect and mostly mediated
by IGF-1. IGF-1 affects mitochondrial mass via increased transcriptional activities of key factors
involved in mitochondrial biogenesis such as PGC-1α. Additionally, it appears that the effects of
IGF-1 on mitochondrial respiration are indirect and coincide with enhanced synthesis of mitochondrial
proteins such as Cyt c and UCP. With respect to oxidative stress, the literature is divided and studies
showing either positive or negative effects of GH or IGF-1 have been published. While congenital
mouse models with life-long decreases in GH/IGF-1 axis signaling indicate mostly protection from
oxidative stress, models of age-induced decreases in GH/IGF-1 signals, as seen in humans, associate
with increased oxidative stress.

Finally, it is widely accepted that GH/IGF-1 are involved in cell senescence and apoptosis.
The molecular mechanisms involved in GH/IGF-1-mediated cellular senescence are still poorly
understood. Both hormones exert a dual function and promote, on one hand, cell proliferation and,
on the other hand, cellular senescence. Therefore, it is conceivable that the dose and duration of
GH/IGF-1 exposure might regulate senescence, and that the effects of GH/IGF-1 on senescence are tissue-
and cell type-specific. On the other hand, the protective roles of IGF-1 from mitochondrial-mediated
apoptosis have been better defined. Studies of numerous cell types and animal models have
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shown that IGF-1-mediated activation of the PI3K-AKT/FOXO pathway upregulates transcription of
antiapoptotic genes.
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Abbreviations

iLID Adult-induced liver IGF-1 deficiency
ALS Acid labile subunit
ATP Adenosine triphosphate
ASK1 Apoptosis signal regulating kinase 1
Bcl-2 B-cell lymphoma 2
β-gal β-galactosidase
bGH Bovine growth hormone
BNIP3 and BNIP3L BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 and L
BAT Brown adipose tissue
CS Cockayne syndrome protein
Cyt c Cytochrome c
DAMPs Damage-associated molecular patterns
DDR DNA damage response
ETC Electron transport chain
FOXO Forkhead box transcription factors of the class O
GH Growth hormone
GHR Growth hormone receptor
GHRKO GH receptor null
GHRH GH-releasing hormone
GHRHR GH-releasing hormone receptor
G6PDH Glucose-6-phosphate dehydrogenase
GST Glutathione S-transferase
GSH Glutathione
GA Glycated albumin
HO Heme oxygenase
HIT Hepatic IGF-1 transgene
hGH Human GH
H2O2 Hydrogen peroxide
hypx Hypophysectomized
IGF-1 Insulin-like growth factor-1
IGFBPs IGF-binding proteins
IGF-1R Insulin-like growth factor-1 receptor
IIS Insulin and IGF-1 signaling pathway
IL Interleukin
JAK2 Janus kinase 2
LS Laron syndrome
MET Methionine
mtDNA Mitochondrial genome
MuRF-1 Muscle RING finger-1
ND1 through ND6 NADH dehydrogenase of complex I
TNF Necrosis factor
NRG Neuregulin
NO Nitric oxide
NRF1 and 2 Nuclear respiratory factors
OXPHOS Oxidative phosphorylation
PTP Permeability transition pore
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PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1 α

PPARs Peroxisome proliferator-activated receptors
PRC PGC-1α-related coactivator
PI3K/AKT Phosphoinositide-3-kinase (PI3K)/Protein kinase B (PKB, or Akt)

MAPK
Rat sarcoma GTPase protein (Ras)/Rapidly accelerated fibrosarcoma protein kinase
(Raf)/Mitogen-activated protein kinase

ROS Reactive oxygen species
RQ Respiratory quotient
rHDL Reconstituted high-density lipoprotein
SST Somatostatin
SSTR SST-receptors
Shc Src homology 2 domain containing transforming protein
STAT5b Signal transducer and activator of transcription 5B
SERCA2a Sarco/endoplasmic reticulum Ca2+-ATPase-2a
SASP Senescence-associated secretory phenotype
TF Transcription factors
TXNIP Thioredoxin-interacting protein
TRX Thioredoxin
T3 Triiodothyronine
TOMs Transporters located at the outer mitochondrial membrane
TCA Tricarboxylic acid
TNFa Tumor necrosis factor-alpha
VSMCs Vascular smooth muscle cells

References

1. Niu, T.; Rosen, C.J. The insulin-like growth factor-I gene and osteoporosis: A critical appraisal. Gene 2005,
361, 38–56. [CrossRef] [PubMed]

2. Barclay, R.D.; Burd, N.A.; Tyler, C.; Tillin, N.A.; Mackenzie, R.W. The Role of the IGF-1 Signaling Cascade
in Muscle Protein Synthesis and Anabolic Resistance in Aging Skeletal Muscle. Front. Nutr. 2019, 6, 146.
[CrossRef] [PubMed]

3. Harada, K.; Hanayama, Y.; Obika, M.; Itoshima, K.; Okada, K.; Otsuka, F. Clinical relevance of insulin-like
growth factor-1 to cardiovascular risk markers. Aging Male 2019, 1–9. [CrossRef] [PubMed]

4. Graham, M.R.; Evans, P.; Thomas, N.E.; Davies, B.; Baker, J.S. Changes in endothelial dysfunction and
associated cardiovascular disease morbidity markers in GH-IGF axis pathology. Am. J. Cardiovasc. Drugs
2009, 9, 371–381. [CrossRef] [PubMed]

5. Milman, S.; Huffman, D.M.; Barzilai, N. The Somatotropic Axis in Human Aging: Framework for the Current
State of Knowledge and Future Research. Cell Metab. 2016, 23, 980–989. [CrossRef]

6. Haywood, N.J.; Slater, T.A.; Matthews, C.J.; Wheatcroft, S.B. The insulin like growth factor and binding
protein family: Novel therapeutic targets in obesity & diabetes. Mol. Metab. 2019, 19, 86–96.

7. Domene, H.M.; Hwa, V.; Jasper, H.G.; Rosenfeld, R.G. Acid-labile subunit (ALS) deficiency. Best Pract. Res.
Clin. Endocrinol. Metab. 2011, 25, 101–113. [CrossRef]

8. Banaszak-Ziemska, M.; Niedziela, M. PAPP-A2 a new key regulator of growth. Endokrynol. Pol. 2017, 68,
682–691. [CrossRef]

9. Broglio, F.; Arvat, E.; Benso, A.; Papotti, M.; Muccioli, G.; Deghenghi, R.; Ghigo, E. Ghrelin: Endocrine and
non-endocrine actions. J. Pediatr. Endocrinol. Metab. 2002, 15, 1219–1227. [CrossRef]

10. Arvat, E.; Broglio, F.; Aimaretti, G.; Benso, A.; Giordano, R.; Deghenghi, R.; Ghigo, E. Ghrelin and synthetic
GH secretagogues. Best Pract. Res. Clin. Endocrinol. Metab. 2002, 16, 505–517. [CrossRef]

11. Hakuno, F.; Takahashi, S.I. IGF1 receptor signaling pathways. J. Mol. Endocrinol. 2018, 61, T69–T86.
[CrossRef] [PubMed]

12. Riis, S.; Murray, J.B.; O’Connor, R. IGF-1 Signalling Regulates Mitochondria Dynamics and Turnover through
a Conserved GSK-3beta-Nrf2-BNIP3 Pathway. Cells 2020, 9, 147. [CrossRef] [PubMed]

117



Cells 2020, 9, 1384

13. Lyons, A.; Coleman, M.; Riis, S.; Favre, C.; O’Flanagan, C.H.; Zhdanov, A.V.; Papkovsky, D.B.; Hursting, S.D.;
O’Connor, R. Insulin-like growth factor 1 signaling is essential for mitochondrial biogenesis and mitophagy
in cancer cells. J. Biol. Chem. 2017, 292, 16983–16998. [CrossRef] [PubMed]

14. Kurmasheva, R.T.; Houghton, P.J. IGF-I mediated survival pathways in normal and malignant cells.
Biochim. Biophys. Acta 2006, 1766, 1–22. [CrossRef]

15. Craigen, W.J. Mitochondrial DNA mutations: an overview of clinical and molecular aspects. Methods Mol. Biol.
2012, 837, 3–15. [PubMed]

16. Murphy, M.P.; Hartley, R.C. Mitochondria as a therapeutic target for common pathologies. Nat. Rev. Drug Discov.
2018, 17, 865–886. [CrossRef]

17. El-Hattab, A.W.; Suleiman, J.; Almannai, M.; Scaglia, F. Mitochondrial dynamics: Biological roles, molecular
machinery, and related diseases. Mol. Genet. Metab. 2018, 125, 315–321. [CrossRef]

18. Phu, L.; Rose, C.M.; Tea, J.S.; Wall, C.E.; Verschueren, E.; Cheung, T.K.; Kirkpatrick, D.S.; Bingol, B. Dynamic
Regulation of Mitochondrial Import by the Ubiquitin System. Mol. Cell 2020, 77, e1107–e1123. [CrossRef]

19. Groves, W.E.; Houts, G.E.; Bayse, G.S. Subcellular distribution of 125 I-labeled bovine growth hormone in rat
liver and kidney. Biochim. Biophys. Acta 1972, 264, 472–480. [CrossRef]

20. Mutvei, A.; Husman, B.; Andersson, G.; Nelson, B.D. Thyroid hormone and not growth hormone is
the principle regulator of mammalian mitochondrial biogenesis. Acta Endocrinol. (Copenh) 1989, 121, 223–228.
[CrossRef]

21. Maddaiah, V.T.; Sharma, R.K.; Balachandar, V.; Rezvani, I.; Collipp, P.J.; Chen, S.Y. Effect of growth hormone
on mitochondrial protein synthesis. J. Biol. Chem. 1973, 248, 4263–4268. [PubMed]

22. Echave, P.; Machado-da-Silva, G.; Arkell, R.S.; Duchen, M.R.; Jacobson, J.; Mitter, R.; Lloyd, A.C. Extracellular
growth factors and mitogens cooperate to drive mitochondrial biogenesis. J. Cell Sci. 2009, 122, 4516–4525.
[CrossRef] [PubMed]

23. Brioche, T.; Kireev, R.A.; Cuesta, S.; Gratas-Delamarche, A.; Tresguerres, J.A.; Gomez-Cabrera, M.C.; Vina, J.
Growth hormone replacement therapy prevents sarcopenia by a dual mechanism: Improvement of protein
balance and of antioxidant defenses. J. Gerontol. A Biol. Sci. Med. Sci. 2014, 69, 1186–1198. [CrossRef] [PubMed]

24. Hou, H.Y.; Wang, X.; Yu, Q.; Li, H.Y.; Li, S.J.; Tang, R.Y.; Guo, Z.X.; Chen, Y.Q.; Hu, C.X.; Yang, Z.J.; et al.
Evidence that growth hormone can improve mitochondrial function in oocytes from aged mice. Reproduction
2018, 157, 345–358. [CrossRef] [PubMed]

25. Holzenberger, M.; Dupont, J.; Ducos, B.; Leneuve, P.; Geloen, A.; Even, P.C.; Cervera, P.; Le Bouc, Y. IGF-1
receptor regulates lifespan and resistance to oxidative stress in mice. Nature 2003, 421, 182–187. [CrossRef]
[PubMed]

26. Tatar, M.; Kopelman, A.; Epstein, D.; Tu, M.P.; Yin, C.M.; Garofalo, R.S. A mutant Drosophila insulin receptor
homolog that extends life-span and impairs neuroendocrine function. Science 2001, 292, 107–110. [CrossRef]
[PubMed]

27. Kimura, K.D.; Tissenbaum, H.A.; Liu, Y.; Ruvkun, G. daf-2, an insulin receptor-like gene that regulates
longevity and diapause in Caenorhabditis elegans. Science 1997, 277, 942–946. [CrossRef]

28. Kenyon, C.; Chang, J.; Gensch, E.; Rudner, A.; Tabtiang, R. A C. elegans mutant that lives twice as long as
wild type. Nature 1993, 366, 461–464. [CrossRef]

29. Brown-Borg, H.M.; Johnson, W.T.; Rakoczy, S.G. Expression of oxidative phosphorylation components
in mitochondria of long-living Ames dwarf mice. Age (Dordr) 2012, 34, 43–57. [CrossRef]

30. Westbrook, R.; Bonkowski, M.S.; Strader, A.D.; Bartke, A. Alterations in oxygen consumption, respiratory
quotient, and heat production in long-lived GHRKO and Ames dwarf mice, and short-lived bGH transgenic
mice. J. Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 443–451. [CrossRef]

31. Brown-Borg, H.; Johnson, W.T.; Rakoczy, S.; Romanick, M. Mitochondrial oxidant generation and oxidative
damage in Ames dwarf and GH transgenic mice. J. Am. Aging Assoc. 2001, 24, 85–96. [CrossRef] [PubMed]

32. Fang, Y.; McFadden, S.; Darcy, J.; Hascup, E.R.; Hascup, K.N.; Bartke, A. Lifespan of long-lived growth
hormone receptor knockout mice was not normalized by housing at 30 degrees C since weaning. Aging Cell
2020, e13123. [CrossRef]

33. Darcy, J.; McFadden, S.; Fang, Y.; Berryman, D.E.; List, E.O.; Milcik, N.; Bartke, A. Increased environmental
temperature normalizes energy metabolism outputs between normal and Ames dwarf mice. Aging (Albany NY)
2018, 10, 2709–2722. [CrossRef] [PubMed]

118



Cells 2020, 9, 1384

34. Garcia-Fernandez, M.; Delgado, G.; Puche, J.E.; Gonzalez-Baron, S.; Castilla Cortazar, I. Low doses of
insulin-like growth factor I improve insulin resistance, lipid metabolism, and oxidative damage in aging rats.
Endocrinology 2008, 149, 2433–2442. [CrossRef] [PubMed]

35. Zadik, Z.; Chalew, S.A.; McCarter, R.J.Jr.; Meistas, M.; Kowarski, A.A. The influence of age on the 24-hour
integrated concentration of growth hormone in normal individuals. J. Clin. Endocrinol. Metab. 1985, 60,
513–516. [CrossRef]

36. Colon, G.; Saccon, T.; Schneider, A.; Cavalcante, M.B.; Huffman, D.M.; Berryman, D.; List, E.; Ikeno, Y.;
Musi, N.; Bartke, A.; et al. The enigmatic role of growth hormone in age-related diseases, cognition,
and longevity. Geroscience 2019, 41, 759–774. [CrossRef]

37. Olleros Santos-Ruiz, M.; Sadaba, M.C.; Martin-Estal, I.; Munoz, U.; Sebal Neira, C.; Castilla-Cortazar, I.
The single IGF-1 partial deficiency is responsible for mitochondrial dysfunction and is restored by IGF-1
replacement therapy. Growth Horm. IGF Res. 2017, 35, 21–32. [CrossRef]

38. Puche, J.E.; Garcia-Fernandez, M.; Muntane, J.; Rioja, J.; Gonzalez-Baron, S.; Castilla Cortazar, I. Low doses of
insulin-like growth factor-I induce mitochondrial protection in aging rats. Endocrinology 2008, 149, 2620–2627.
[CrossRef]

39. Pharaoh, G.; Owen, D.; Yeganeh, A.; Premkumar, P.; Farley, J.; Bhaskaran, S.; Ashpole, N.; Kinter, M.; Van
Remmen, H.; Logan, S. Disparate Central and Peripheral Effects of Circulating IGF-1 Deficiency on Tissue
Mitochondrial Function. Mol. Neurobiol. 2020, 57, 1317–1331. [CrossRef]

40. Logan, S.; Pharaoh, G.A.; Marlin, M.C.; Masser, D.R.; Matsuzaki, S.; Wronowski, B.; Yeganeh, A.; Parks, E.E.;
Premkumar, P.; Farley, J.A.; et al. Insulin-like growth factor receptor signaling regulates working memory,
mitochondrial metabolism, and amyloid-beta uptake in astrocytes. Mol. Metab. 2018, 9, 141–155. [CrossRef]

41. Vays, V.B.; Eldarov, C.M.; Vangely, I.M.; Kolosova, N.G.; Bakeeva, L.E.; Skulachev, V.P. Antioxidant SkQ1
delays sarcopenia-associated damage of mitochondrial ultrastructure. Aging (Albany NY) 2014, 6, 140–148.
[CrossRef] [PubMed]

42. Zhang, Y.; Yuan, M.; Bradley, K.M.; Dong, F.; Anversa, P.; Ren, J. Insulin-like growth factor 1 alleviates high-fat
diet-induced myocardial contractile dysfunction: Role of insulin signaling and mitochondrial function.
Hypertension 2012, 59, 680–693. [CrossRef] [PubMed]

43. Liu, Z.; Solesio, M.E.; Schaffler, M.B.; Frikha-Benayed, D.; Rosen, C.J.; Werner, H.; Kopchick, J.J.; Pavlov, E.V.;
Abramov, A.Y.; Yakar, S. Mitochondrial Function Is Compromised in Cortical Bone Osteocytes of Long-Lived
Growth Hormone Receptor Null Mice. J. Bone Miner. Res. 2019, 34, 106–122. [CrossRef] [PubMed]

44. Sohal, R.S.; Orr, W.C. The redox stress hypothesis of aging. Free Radic. Biol. Med. 2012, 52, 539–555. [CrossRef]
45. Finkel, T.; Holbrook, N.J. Oxidants, oxidative stress and the biology of ageing. Nature 2000, 408, 239–247.

[CrossRef]
46. Cadenas, E.; Davies, K.J. Mitochondrial free radical generation, oxidative stress, and aging. Free Radic.

Biol. Med. 2000, 29, 222–230. [CrossRef]
47. Harman, D. The biologic clock: the mitochondria? J. Am. Geriatr. Soc. 1972, 20, 145–147. [CrossRef]
48. Winterbourn, C.C. Toxicity of iron and hydrogen peroxide: The Fenton reaction. Toxicol. Lett. 1995, 82–83,

969–974. [CrossRef]
49. Fridovich, I. Biological effects of the superoxide radical. Arch. Biochem. Biophys. 1986, 247, 1–11. [CrossRef]
50. Elis, S.; Wu, Y.; Courtland, H.W.; Sun, H.; Rosen, C.J.; Adamo, M.L.; Yakar, S. Increased serum IGF-1 levels

protect the musculoskeletal system but are associated with elevated oxidative stress markers and increased
mortality independent of tissue igf1 gene expression. Aging Cell 2011, 10, 547–550. [CrossRef]

51. Hauck, S.J.; Bartke, A. Effects of growth hormone on hypothalamic catalase and Cu/Zn superoxide dismutase.
Free Radic. Biol. Med. 2000, 28, 970–978. [CrossRef]

52. Yamamoto, M.; Clark, J.D.; Pastor, J.V.; Gurnani, P.; Nandi, A.; Kurosu, H.; Miyoshi, M.; Ogawa, Y.;
Castrillon, D.H.; Rosenblatt, K.P.; et al. Regulation of oxidative stress by the anti-aging hormone klotho.
J. Biol. Chem. 2005, 280, 38029–38034. [CrossRef] [PubMed]

53. Choksi, K.B.; Roberts, L.J., 2nd; DeFord, J.H.; Rabek, J.P.; Papaconstantinou, J. Lower levels of F2-isoprostanes
in serum and livers of long-lived Ames dwarf mice. Biochem. Biophys. Res. Commun. 2007, 364, 761–764. [CrossRef]
[PubMed]

54. Salmon, A.B.; Murakami, S.; Bartke, A.; Kopchick, J.; Yasumura, K.; Miller, R.A. Fibroblast cell lines from
young adult mice of long-lived mutant strains are resistant to multiple forms of stress. Am. J. Physiol.
Endocrinol. Metab. 2005, 289, E23–E29. [CrossRef]

119



Cells 2020, 9, 1384

55. Bartke, A.; Brown-Borg, H. Life extension in the dwarf mouse. Curr. Top. Dev. Biol. 2004, 63, 189–225.
56. Rojanathammanee, L.; Rakoczy, S.; Brown-Borg, H.M. Growth hormone alters the glutathione S-transferase

and mitochondrial thioredoxin systems in long-living Ames dwarf mice. J. Gerontol. A Biol. Sci. Med. Sci.
2014, 69, 1199–1211. [CrossRef]

57. Brown-Borg, H.M.; Bode, A.M.; Bartke, A. Antioxidative mechanisms and plasma growth hormone levels:
Potential relationship in the aging process. Endocrine 1999, 11, 41–48. [CrossRef]

58. Brown-Borg, H.M.; Rakoczy, S.G.; Sharma, S.; Bartke, A. Long-living growth hormone receptor knockout
mice: Potential mechanisms of altered stress resistance. Exp. Gerontol. 2009, 44, 10–19. [CrossRef]

59. Hauck, S.J.; Aaron, J.M.; Wright, C.; Kopchick, J.J.; Bartke, A. Antioxidant enzymes, free-radical damage,
and response to paraquat in liver and kidney of long-living growth hormone receptor/binding protein
gene-disrupted mice. Horm. Metab. Res. 2002, 34, 481–486. [CrossRef]

60. Laron, Z. Laron syndrome (primary growth hormone resistance or insensitivity): The personal experience
1958–2003. J. Clin. Endocrinol. Metab. 2004, 89, 1031–1044. [CrossRef]

61. Amselem, S.; Duquesnoy, P.; Attree, O.; Novelli, G.; Bousnina, S.; Postel-Vinay, M.C.; Goossens, M. Laron dwarfism
and mutations of the growth hormone-receptor gene. N. Engl. J. Med. 1989, 321, 989–995. [CrossRef] [PubMed]

62. Godowski, P.J.; Leung, D.W.; Meacham, L.R.; Galgani, J.P.; Hellmiss, R.; Keret, R.; Rotwein, P.S.; Parks, J.S.;
Laron, Z.; Wood, W.I. Characterization of the human growth hormone receptor gene and demonstration
of a partial gene deletion in two patients with Laron-type dwarfism. Proc. Natl. Acad. Sci. USA 1989, 86,
8083–8087. [CrossRef] [PubMed]

63. Laron, Z.; Pertzelan, A.; Mannheimer, S. Genetic pituitary dwarfism with high serum concentation of growth
hormone—a new inborn error of metabolism? Isr. J. Med. Sci. 1966, 2, 152–155. [PubMed]

64. Laron, Z.; Pertzelan, A.; Karp, M.; Kowadlo-Silbergeld, A.; Daughaday, W.H. Administration of growth
hormone to patients with familial dwarfism with high plasma immunoreactive growth hormone:
measurement of sulfation factor, metabolic and linear growth responses. J. Clin. Endocrinol. Metab.
1971, 33, 332–342. [CrossRef] [PubMed]

65. Shalev, A. Minireview: Thioredoxin-interacting protein: regulation and function in the pancreatic beta-cell.
Mol. Endocrinol. 2014, 28, 1211–1220. [CrossRef] [PubMed]

66. Saxena, G.; Chen, J.; Shalev, A. Intracellular shuttling and mitochondrial function of thioredoxin-interacting
protein. J. Biol. Chem. 2010, 285, 3997–4005. [CrossRef]

67. Baldan, F.; Mio, C.; Lavarone, E.; Di Loreto, C.; Puglisi, F.; Damante, G.; Puppin, C. Epigenetic bivalent
marking is permissive to the synergy of HDAC and PARP inhibitors on TXNIP expression in breast cancer
cells. Oncol. Rep. 2015, 33, 2199–2206. [CrossRef]

68. Yoshihara, E.; Masaki, S.; Matsuo, Y.; Chen, Z.; Tian, H.; Yodoi, J. Thioredoxin/Txnip: Redoxisome, as a redox
switch for the pathogenesis of diseases. Front. Immunol. 2014, 4, 514. [CrossRef]

69. Zhou, J.; Chng, W.J. Roles of thioredoxin binding protein (TXNIP) in oxidative stress, apoptosis and cancer.
Mitochondrion 2013, 13, 163–169. [CrossRef]

70. Minn, A.H.; Pise-Masison, C.A.; Radonovich, M.; Brady, J.N.; Wang, P.; Kendziorski, C.; Shalev, A. Gene
expression profiling in INS-1 cells overexpressing thioredoxin-interacting protein. Biochem. Biophys.
Res. Commun. 2005, 336, 770–778. [CrossRef]

71. Han, S.H.; Jeon, J.H.; Ju, H.R.; Jung, U.; Kim, K.Y.; Yoo, H.S.; Lee, Y.H.; Song, K.S.; Hwang, H.M.; Na, Y.S.
VDUP1 upregulated by TGF-beta1 and 1,25-dihydorxyvitamin D3 inhibits tumor cell growth by blocking
cell-cycle progression. Oncogene 2003, 22, 4035–4046. [CrossRef] [PubMed]

72. Wang, Z.; Prins, G.S.; Coschigano, K.T.; Kopchick, J.J.; Green, J.E.; Ray, V.H.; Hedayat, S.; Christov, K.T.;
Unterman, T.G.; Swanson, S.M. Disruption of growth hormone signaling retards early stages of prostate
carcinogenesis in the C3(1)/T antigen mouse. Endocrinology 2005, 146, 5188–5196. [CrossRef] [PubMed]

73. Lapkina-Gendler, L.; Rotem, I.; Pasmanik-Chor, M.; Gurwitz, D.; Sarfstein, R.; Laron, Z.; Werner, H.
Identification of signaling pathways associated with cancer protection in Laron syndrome. Endocr. Relat. Cancer
2016, 23, 399–410. [CrossRef] [PubMed]

74. Patwari, P.; Higgins, L.J.; Chutkow, W.A.; Yoshioka, J.; Lee, R.T. The interaction of thioredoxin with Txnip.
Evidence for formation of a mixed disulfide by disulfide exchange. J. Biol. Chem. 2006, 281, 21884–21891.
[CrossRef] [PubMed]

120



Cells 2020, 9, 1384

75. Hong, S.Y.; Hagen, T. 2-Deoxyglucose induces the expression of thioredoxin interacting protein (TXNIP) by
increasing O-GlcNAcylation—Implications for targeting the Warburg effect in cancer cells. Biochem. Biophys.
Res. Commun. 2015, 465, 838–844. [CrossRef]

76. Chutkow, W.A.; Patwari, P.; Yoshioka, J.; Lee, R.T. Thioredoxin-interacting protein (Txnip) is a critical
regulator of hepatic glucose production. J. Biol. Chem. 2008, 283, 2397–2406. [CrossRef]

77. Waldhart, A.N.; Dykstra, H.; Peck, A.S.; Boguslawski, E.A.; Madaj, Z.B.; Wen, J.; Veldkamp, K.; Hollowell, M.;
Zheng, B.; Cantley, L.C.; et al. Phosphorylation of TXNIP by AKT Mediates Acute Influx of Glucose
in Response to Insulin. Cell Rep. 2017, 19, 2005–2013. [CrossRef]

78. Katsu-Jimenez, Y.; Vazquez-Calvo, C.; Maffezzini, C.; Halldin, M.; Peng, X.; Freyer, C.; Wredenberg, A.;
Gimenez-Cassina, A.; Wedell, A.; Arner, E.S.J. Absence of TXNIP in Humans Leads to Lactic Acidosis and
Low Serum Methionine Linked to Deficient Respiration on Pyruvate. Diabetes 2019, 68, 709–723. [CrossRef]

79. Nagaraj, K.; Lapkina-Gendler, L.; Sarfstein, R.; Gurwitz, D.; Pasmanik-Chor, M.; Laron, Z.; Yakar, S.; Werner, H.
Identification of thioredoxin-interacting protein (TXNIP) as a downstream target for IGF1 action. Proc. Natl.
Acad. Sci. USA 2018, 115, 1045–1050. [CrossRef]

80. Cittadini, A.; Grossman, J.D.; Stromer, H.; Katz, S.E.; Morgan, J.P.; Douglas, P.S. Importance of an intact
growth hormone/insulin-like growth factor 1 axis for normal post-infarction healing: Studies in dwarf rats.
Endocrinology 2001, 142, 332–338. [CrossRef]

81. Davani, E.Y.; Brumme, Z.; Singhera, G.K.; Cote, H.C.; Harrigan, P.R.; Dorscheid, D.R. Insulin-like growth
factor-1 protects ischemic murine myocardium from ischemia/reperfusion associated injury. Crit. Care 2003,
7, R176–R183. [CrossRef] [PubMed]

82. Hausenloy, D.J.; Yellon, D.M. New directions for protecting the heart against ischaemia-reperfusion injury: Targeting
the Reperfusion Injury Salvage Kinase (RISK)-pathway. Cardiovasc. Res. 2004, 61, 448–460. [CrossRef] [PubMed]

83. Yamashita, K.; Kajstura, J.; Discher, D.J.; Wasserlauf, B.J.; Bishopric, N.H.; Anversa, P.; Webster, K.A.
Reperfusion-activated Akt kinase prevents apoptosis in transgenic mouse hearts overexpressing insulin-like
growth factor-1. Circ. Res. 2001, 88, 609–614. [CrossRef] [PubMed]

84. Kajstura, J.; Fiordaliso, F.; Andreoli, A.M.; Li, B.; Chimenti, S.; Medow, M.S.; Limana, F.; Nadal-Ginard, B.;
Leri, A.; Anversa, P. IGF-1 overexpression inhibits the development of diabetic cardiomyopathy and
angiotensin II-mediated oxidative stress. Diabetes 2001, 50, 1414–1424. [CrossRef] [PubMed]

85. Lian, J.D.; al-Jumah, M.; Cwik, V.; Brooke, M.H. Neurotrophic factors decrease the release of creatine kinase
and prostaglandin E2 from metabolically stressed muscle. Neuromuscul. Disord. 1998, 8, 7–13. [CrossRef]

86. Matheny, R.W.Jr.; Adamo, M.L. PI3K p110 alpha and p110 beta have differential effects on Akt activation
and protection against oxidative stress-induced apoptosis in myoblasts. Cell Death Differ. 2010, 17, 677–688.
[CrossRef] [PubMed]

87. Csiszar, A.; Labinskyy, N.; Perez, V.; Recchia, F.A.; Podlutsky, A.; Mukhopadhyay, P.; Losonczy, G.;
Pacher, P.; Austad, S.N.; Bartke, A.; et al. Endothelial function and vascular oxidative stress in long-lived
GH/IGF-deficient Ames dwarf mice. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H1882–H1894. [CrossRef]

88. Heck, S.; Lezoualc’h, F.; Engert, S.; Behl, C. Insulin-like growth factor-1-mediated neuroprotection against
oxidative stress is associated with activation of nuclear factor kappaB. J. Biol. Chem. 1999, 274, 9828–9835.
[CrossRef]

89. Kolosova, N.G.; Stefanova, N.A.; Muraleva, N.A.; Skulachev, V.P. The mitochondria-targeted antioxidant
SkQ1 but not N-acetylcysteine reverses aging-related biomarkers in rats. Aging (Albany NY) 2012, 4, 686–694.
[CrossRef]

90. Farr, S.A.; Poon, H.F.; Dogrukol-Ak, D.; Drake, J.; Banks, W.A.; Eyerman, E.; Butterfield, D.A.; Morley, J.E.
The antioxidants alpha-lipoic acid and N-acetylcysteine reverse memory impairment and brain oxidative
stress in aged SAMP8 mice. J. Neurochem. 2003, 84, 1173–1183. [CrossRef]

91. Campisi, J.; d’Adda di Fagagna, F. Cellular senescence: When bad things happen to good cells. Nat. Rev.
Mol. Cell Biol. 2007, 8, 729–740. [CrossRef] [PubMed]

92. Sharpless, N.E.; Sherr, C.J. Forging a signature of in vivo senescence. Nat. Rev. Cancer 2015, 15, 397–408.
[CrossRef] [PubMed]

93. Acosta, J.C.; Banito, A.; Wuestefeld, T.; Georgilis, A.; Janich, P.; Morton, J.P.; Athineos, D.; Kang, T.W.;
Lasitschka, F.; Andrulis, M.; et al. A complex secretory program orchestrated by the inflammasome controls
paracrine senescence. Nat. Cell Biol. 2013, 15, 978–990. [CrossRef] [PubMed]

121



Cells 2020, 9, 1384

94. Coppe, J.P.; Rodier, F.; Patil, C.K.; Freund, A.; Desprez, P.Y.; Campisi, J. Tumor suppressor and aging
biomarker p16(INK4a) induces cellular senescence without the associated inflammatory secretory phenotype.
J. Biol. Chem. 2011, 286, 36396–36403. [CrossRef]

95. Rodier, F.; Coppe, J.P.; Patil, C.K.; Hoeijmakers, W.A.; Munoz, D.P.; Raza, S.R.; Freund, A.; Campeau, E.;
Davalos, A.R.; Campisi, J. Persistent DNA damage signalling triggers senescence-associated inflammatory
cytokine secretion. Nat. Cell Biol. 2009, 11, 973–979. [CrossRef]

96. Coppe, J.P.; Patil, C.K.; Rodier, F.; Sun, Y.; Munoz, D.P.; Goldstein, J.; Nelson, P.S.; Desprez, P.Y.; Campisi, J.
Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic RAS and
the p53 tumor suppressor. PLoS Biol. 2008, 6, 2853–2868. [CrossRef]

97. Kuilman, T.; Michaloglou, C.; Vredeveld, L.C.; Douma, S.; van Doorn, R.; Desmet, C.J.; Aarden, L.A.;
Mooi, W.J.; Peeper, D.S. Oncogene-induced senescence relayed by an interleukin-dependent inflammatory
network. Cell 2008, 133, 1019–1031. [CrossRef]

98. Correia-Melo, C.; Marques, F.D.; Anderson, R.; Hewitt, G.; Hewitt, R.; Cole, J.; Carroll, B.M.; Miwa, S.;
Birch, J.; Merz, A. Mitochondria are required for pro-ageing features of the senescent phenotype. EMBO J.
2016, 35, 724–742. [CrossRef]

99. Helman, A.; Klochendler, A.; Azazmeh, N.; Gabai, Y.; Horwitz, E.; Anzi, S.; Swisa, A.; Condiotti, R.;
Granit, R.Z.; Nevo, Y.; et al. p16(Ink4a)-induced senescence of pancreatic beta cells enhances insulin secretion.
Nat. Med. 2016, 22, 412–420. [CrossRef]

100. Chesnokova, V.; Zhou, C.; Ben-Shlomo, A.; Zonis, S.; Tani, Y.; Ren, S.G.; Melmed, S. Growth hormone
is a cellular senescence target in pituitary and nonpituitary cells. Proc. Natl. Acad. Sci. USA 2013, 110,
E3331–E3339. [CrossRef]

101. Matsumoto, R.; Fukuoka, H.; Iguchi, G.; Odake, Y.; Yoshida, K.; Bando, H.; Suda, K.; Nishizawa, H.;
Takahashi, M.; Yamada, S.; et al. Accelerated Telomere Shortening in Acromegaly; IGF-I Induces Telomere
Shortening and Cellular Senescence. PLoS ONE 2015, 10, e0140189. [CrossRef] [PubMed]

102. Stout, M.B.; Tchkonia, T.; Pirtskhalava, T.; Palmer, A.K.; List, E.O.; Berryman, D.E.; Lubbers, E.R.; Escande, C.;
Spong, A.; Masternak, M.M.; et al. Growth hormone action predicts age-related white adipose tissue
dysfunction and senescent cell burden in mice. Aging (Albany NY) 2014, 6, 575–586. [CrossRef] [PubMed]

103. Ock, S.; Lee, W.S.; Ahn, J.; Kim, H.M.; Kang, H.; Kim, H.S.; Jo, D.; Abel, E.D.; Lee, T.J.; Kim, J. Deletion
of IGF-1 Receptors in Cardiomyocytes Attenuates Cardiac Aging in Male Mice. Endocrinology 2016, 157,
336–345. [CrossRef] [PubMed]

104. Tran, D.; Bergholz, J.; Zhang, H.; He, H.; Wang, Y.; Zhang, Y.; Li, Q.; Kirkland, J.L.; Xiao, Z.X. Insulin-like
growth factor-1 regulates the SIRT1-p53 pathway in cellular senescence. Aging Cell 2014, 13, 669–678.
[CrossRef] [PubMed]

105. Del Nogal-Avila, M.; Troyano-Suarez, N.; Roman-Garcia, P.; Cannata-Andia, J.B.; Rodriguez-Puyol, M.;
Rodriguez-Puyol, D.; Kuro, O.M.; Ruiz-Torres, M.P. Amadori products promote cellular senescence activating
insulin-like growth factor-1 receptor and down-regulating the antioxidant enzyme catalase. Int. J. Biochem.
Cell Biol. 2013, 45, 1255–1264. [CrossRef] [PubMed]

106. Handayaningsih, A.E.; Takahashi, M.; Fukuoka, H.; Iguchi, G.; Nishizawa, H.; Yamamoto, M.; Suda, K.;
Takahashi, Y. IGF-I enhances cellular senescence via the reactive oxygen species-p53 pathway. Biochem. Biophys.
Res. Commun. 2012, 425, 478–484. [CrossRef]

107. Thum, T.; Hoeber, S.; Froese, S.; Klink, I.; Stichtenoth, D.O.; Galuppo, P.; Jakob, M.; Tsikas, D.; Anker, S.D.;
Poole-Wilson, P.A.; et al. Age-dependent impairment of endothelial progenitor cells is corrected by
growth-hormone-mediated increase of insulin-like growth-factor-1. Circ. Res. 2007, 100, 434–443. [CrossRef]

108. Kim, S.H.; Lee, E.Y.; Cho, K.H. Incorporation of human growth hormone-2 into proteoliposome enhances
tissue regeneration with anti-oxidant and anti-senescence activities. Rejuvenation Res. 2015, 18, 20–29.
[CrossRef]

109. Luo, X.; Jiang, X.; Li, J.; Bai, Y.; Li, Z.; Wei, P.; Sun, S.; Liang, Y.; Han, S.; Li, X.; et al. Insulin-like growth factor-1
attenuates oxidative stress-induced hepatocyte premature senescence in liver fibrogenesis via regulating
nuclear p53-progerin interaction. Cell Death Dis. 2019, 10, 451. [CrossRef]

110. Kluck, R.M.; Bossy-Wetzel, E.; Green, D.R.; Newmeyer, D.D. The release of cytochrome c from mitochondria:
A primary site for Bcl-2 regulation of apoptosis. Science 1997, 275, 1132–1136. [CrossRef]

122



Cells 2020, 9, 1384

111. Yang, J.; Liu, X.; Bhalla, K.; Kim, C.N.; Ibrado, A.M.; Cai, J.; Peng, T.I.; Jones, D.P.; Wang, X. Prevention
of apoptosis by Bcl-2: release of cytochrome c from mitochondria blocked. Science 1997, 275, 1129–1132.
[CrossRef] [PubMed]

112. Cory, S.; Adams, J.M. The Bcl2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002,
2, 647–656. [CrossRef] [PubMed]

113. Youle, R.J.; Strasser, A. The BCL-2 protein family: Opposing activities that mediate cell death. Nat. Rev. Mol.
Cell Biol. 2008, 9, 47–59. [CrossRef] [PubMed]

114. Zong, W.X.; Lindsten, T.; Ross, A.J.; MacGregor, G.R.; Thompson, C.B. BH3-only proteins that bind
pro-survival Bcl-2 family members fail to induce apoptosis in the absence of Bax and Bak. Genes Dev. 2001,
15, 1481–1486. [CrossRef]

115. Gonzalez, J.M.; Esteban, M. A poxvirus Bcl-2-like gene family involved in regulation of host immune
response: sequence similarity and evolutionary history. Virol. J. 2010, 7, 59. [CrossRef]

116. Peterson, J.S.; Bass, B.P.; Jue, D.; Rodriguez, A.; Abrams, J.M.; McCall, K. Noncanonical cell death pathways
act during Drosophila oogenesis. Genesis 2007, 45, 396–404. [CrossRef]

117. Fu, Z.; Tindall, D.J. FOXOs, cancer and regulation of apoptosis. Oncogene 2008, 27, 2312–2319. [CrossRef]
118. Murphy, C.T.; McCarroll, S.A.; Bargmann, C.I.; Fraser, A.; Kamath, R.S.; Ahringer, J.; Li, H.; Kenyon, C.

Genes that act downstream of DAF-16 to influence the lifespan of Caenorhabditis elegans. Nature 2003, 424,
277–283. [CrossRef]

119. Guo, S.; Rena, G.; Cichy, S.; He, X.; Cohen, P.; Unterman, T. Phosphorylation of serine 256 by protein kinase
B disrupts transactivation by FKHR and mediates effects of insulin on insulin-like growth factor-binding
protein-1 promoter activity through a conserved insulin response sequence. J. Biol. Chem. 1999, 274,
17184–17192. [CrossRef]

120. Martins, R.; Lithgow, G.J.; Link, W. Long live FOXO: Unraveling the role of FOXO proteins in aging and
longevity. Aging Cell 2016, 15, 196–207. [CrossRef]

121. Paik, J.H.; Kollipara, R.; Chu, G.; Ji, H.; Xiao, Y.; Ding, Z.; Miao, L.; Tothova, Z.; Horner, J.W.; Carrasco, D.R.;
et al. FoxOs are lineage-restricted redundant tumor suppressors and regulate endothelial cell homeostasis.
Cell 2007, 128, 309–323. [CrossRef]

122. Ambrogini, E.; Almeida, M.; Martin-Millan, M.; Paik, J.H.; Depinho, R.A.; Han, L.; Goellner, J.; Weinstein, R.S.;
Jilka, R.L.; O’Brien, C.A.; et al. FoxO-mediated defense against oxidative stress in osteoblasts is indispensable
for skeletal homeostasis in mice. Cell Metab. 2010, 11, 136–146. [CrossRef] [PubMed]

123. Alt, E.U.; Senst, C.; Murthy, S.N.; Slakey, D.P.; Dupin, C.L.; Chaffin, A.E.; Kadowitz, P.J.; Izadpanah, R. Aging
alters tissue resident mesenchymal stem cell properties. Stem Cell Res. 2012, 8, 215–225. [CrossRef] [PubMed]

124. Wilson, A.; Shehadeh, L.A.; Yu, H.; Webster, K.A. Age-related molecular genetic changes of murine bone
marrow mesenchymal stem cells. BMC Genomics 2010, 11, 229. [CrossRef] [PubMed]

125. Suh, Y.; Lee, K.A.; Kim, W.H.; Han, B.G.; Vijg, J.; Park, S.C. Aging alters the apoptotic response to genotoxic
stress. Nat. Med. 2002, 8, 3–4. [CrossRef]

126. Polyak, K.; Wu, T.T.; Hamilton, S.R.; Kinzler, K.W.; Vogelstein, B. Less death in the dying. Cell Death Differ.
1997, 4, 242–246. [CrossRef]

127. Kavathia, N.; Jain, A.; Walston, J.; Beamer, B.A.; Fedarko, N.S. Serum markers of apoptosis decrease with age
and cancer stage. Aging (Albany NY) 2009, 1, 652–663. [CrossRef]

128. Medzhitov, R. Inflammation 2010: New adventures of an old flame. Cell 2010, 140, 771–776. [CrossRef]
129. Bennett, J.M.; Reeves, G.; Billman, G.E.; Sturmberg, J.P. Inflammation-Nature’s Way to Efficiently Respond to

All Types of Challenges: Implications for Understanding and Managing “the Epidemic” of Chronic Diseases.
Front. Med. (Lausanne) 2018, 5, 316. [CrossRef]

130. Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao, L. Inflammatory responses and
inflammation-associated diseases in organs. Oncotarget 2018, 9, 7204–7218. [CrossRef]

131. O’Brien, K.L.; Finlay, D.K. Immunometabolism and natural killer cell responses. Nat. Rev. Immunol. 2019, 19,
282–290. [CrossRef] [PubMed]

132. Breda, C.N.S.; Davanzo, G.G.; Basso, P.J.; Saraiva Camara, N.O.; Moraes-Vieira, P.M.M. Mitochondria as
central hub of the immune system. Redox Biol. 2019, 26, 101255. [CrossRef] [PubMed]

133. Strickland, M.; Yacoubi-Loueslati, B.; Bouhaouala-Zahar, B.; Pender, S.L.F.; Larbi, A. Relationships Between
Ion Channels, Mitochondrial Functions and Inflammation in Human Aging. Front. Physiol. 2019, 10, 158.
[CrossRef] [PubMed]

123



Cells 2020, 9, 1384

134. Van Horssen, J.; van Schaik, P.; Witte, M. Inflammation and mitochondrial dysfunction: A vicious circle
in neurodegenerative disorders? Neurosci. Lett. 2019, 710, 132931. [CrossRef]

135. Kermani, H.; Goffinet, L.; Mottet, M.; Bodart, G.; Morrhaye, G.; Dardenne, O.; Renard, C.; Overbergh, L.;
Baron, F.; Beguin, Y.; et al. Expression of the growth hormone/insulin-like growth factor axis during Balb/c
thymus ontogeny and effects of growth hormone upon ex vivo T cell differentiation. Neuroimmunomodulation
2012, 19, 137–147. [CrossRef]

136. Smith, T.J. Insulin-like growth factor-I regulation of immune function: A potential therapeutic target
in autoimmune diseases? Pharmacol. Rev. 2010, 62, 199–236. [CrossRef]

137. Weigent, D.A.; Blalock, J.E. Expression of growth hormone by lymphocytes. Int. Rev. Immunol. 1989, 4,
193–211. [CrossRef]

138. Rappolee, D.A.; Mark, D.; Banda, M.J.; Werb, Z. Wound macrophages express TGF-alpha and other growth
factors in vivo: Analysis by mRNA phenotyping. Science 1988, 241, 708–712. [CrossRef]

139. Spaziani, S.; Imperlini, E.; Mancini, A.; Caterino, M.; Buono, P.; Orru, S. Insulin-like growth factor 1 receptor
signaling induced by supraphysiological doses of IGF-1 in human peripheral blood lymphocytes. Proteomics
2014, 14, 1623–1629. [CrossRef]

140. Wong, S.C.; Dobie, R.; Altowati, M.A.; Werther, G.A.; Farquharson, C.; Ahmed, S.F. Growth and the Growth
Hormone-Insulin Like Growth Factor 1 Axis in Children With Chronic Inflammation: Current Evidence,
Gaps in Knowledge, and Future Directions. Endocr. Rev. 2016, 37, 62–110. [CrossRef]

141. Masternak, M.M.; Bartke, A. Growth hormone, inflammation and aging. Pathobiol. Aging Age Relat. Dis.
2012, 2. [CrossRef] [PubMed]

142. Sadagurski, M.; Landeryou, T.; Cady, G.; Kopchick, J.J.; List, E.O.; Berryman, D.E.; Bartke, A.; Miller, R.A.
Growth hormone modulates hypothalamic inflammation in long-lived pituitary dwarf mice. Aging Cell 2015,
14, 1045–1054. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

124



cells

Review

IGFBP-3/IGFBP-3 Receptor System as an Anti-Tumor
and Anti-Metastatic Signaling in Cancer

Qing Cai 1, Mikhail Dozmorov 1,2 and Youngman Oh 1,*

1 Department of Pathology, Medical College of Virginia Campus, Virginia Commonwealth University,
Richmond, VA 23298, USA; qing.cai@vcuhealth.org (Q.C.); mikhail.dozmorov@vcuhealth.org (M.D.)

2 Department of Biostatistics, Massey Cancer Center, Virginia Commonwealth University, Richmond,
VA 23298, USA

* Correspondence: youngman.oh@vcuhealth.org; Tel.: +1-804-827-1324

Received: 14 April 2020; Accepted: 18 May 2020; Published: 20 May 2020

Abstract: Insulin-like growth factor binding protein-3 (IGFBP-3) is a p53 tumor suppressor-regulated
protein and a major carrier for IGFs in circulation. Among six high-affinity IGFBPs, which are IGFBP-1
through 6, IGFBP-3 is the most extensively investigated IGFBP species with respect to its IGF/IGF-I
receptor (IGF-IR)-independent biological actions beyond its endocrine/paracrine/autocrine role in
modulating IGF action in cancer. Disruption of IGFBP-3 at transcriptional and post-translational
levels has been implicated in the pathophysiology of many different types of cancer including
breast, prostate, and lung cancer. Over the past two decades, a wealth of evidence has revealed
both tumor suppressing and tumor promoting effects of IGF/IGF-IR-independent actions of IGFBP-3
depending upon cell types, post-translational modifications, and assay methods. However, IGFBP-3′s
anti-tumor function has been well accepted due to identification of functional IGFBP-3-interacting
proteins, putative receptors, or crosstalk with other signaling cascades. This review mainly focuses
on transmembrane protein 219 (TMEM219), which represents a novel IGFBP-3 receptor mediating
antitumor effect of IGFBP-3. Furthermore, this review delineates the potential underlying mechanisms
involved and the subsequent biological significance, emphasizing the clinical significance of the
IGFBP-3/TMEM219 axis in assessing both the diagnosis and the prognosis of cancer as well as the
therapeutic potential of TMEM219 agonists for cancer treatment.

Keywords: IGF system; IGFBP-3; IGFBP-3R; TMEM219; anti-tumor; anti-metastatic; agonists;
mAb therapy

1. Introduction

The insulin-like growth factor (IGF) system comprises of ligands IGF-I, IGF-II, its corresponding
cell-membrane receptors IGF-I receptor (IGF-IR), IGF-II receptor (IGF-IIR), IGF-binding proteins
(IGFBPs), and IGFBP degrading enzymes known as proteases. The IGF system plays a critical role in
somatic growth in an endocrine fashion as well as cell proliferation, survival, and differentiation of
normal and malignant cells in a paracrine/autocrine fashion. Dysregulation of the IGF system attributes
to pathophysiology of a variety of human diseases such as cancer, diabetes, chronic inflammatory
disease, and malnutrition. In particular, IGF/IGF-IR-independent actions of IGFBP-3 have been
extensively investigated and their involvement in initiation and progression of various cancers has
been recognized.

Cells 2020, 9, 1261; doi:10.3390/cells9051261 www.mdpi.com/journal/cells125
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2. IGFBP-3

2.1. Structure-Function Analysis

Human IGFBP-3 is comprised of 264 amino acids, of which the molecular mass is 28.7 kDa without
any post-translational modifications [1]. The primary structures of human IGFBP-3 consist of three
distinct domains: a highly conserved cysteine-rich N- and C-terminal domains and a nonconserved
central domain. Each domain contains various functional motifs/sequences that confer IGFBP-3’s
diverse IGF/IGF-IR-dependent and IGF/IGF-IR-independent actions (Figure 1) [2–6]. These distinctive
functional motifs/sequences include a caveolin scaffolding docking domain, a metal binding domain,
heparin binding motifs, a retinoic acid binding motif, and a nuclear localization sequence.

Figure 1. Structure of the mature human IGFBP-3. This figure depicts the three distinct domains of the
IGFBP-3 and lists the important functions and motifs/residues within each domain [3]. The vertical
blue lines represent 18 cysteine residues in highly conserved N-terminal and C-terminal domains.

2.1.1. The Conserved N-Terminal Domain

In the mature IGFBP-3 peptide, amino acid residues 1–87 comprise the conserved N-terminal
domain, which shares approximately 58% similarity with other high-affinity IGFBPs. A well conserved
IGFBP motif (GCGCCXXC) present in all IGFBP species is located in this domain. Ten to 12 of the 16–20
cysteines are located in the N-terminal domain of high-affinity IGFBPs. Among a total of 18 cysteines
in IGFBP-3, 12 cysteines reside in the N-terminal domain, which results in the formation of six disulfide
bonds within the domain and providing a highly organized tertiary structure. Thus, this conserved
N-terminal domain shares not only amino acid similarity but also conformational similarities among
high-affinity IGFBPs. Important IGF-binding residues including I56, L80, and L81 are also located
within this domain [2,3,7].
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2.1.2. The Variable Central Domain

The central domain contains 95 amino acids and spans residues 88–183. This domain separates
the N-terminal domain from the C-terminal domain and shares less than 15% similarity with other
high-affinity IGFBPs [2]. However, it appears that this domain structurally acts as a hinge between
the N- and C-terminal domains and bring two domains together into close proximity to create a high
affinity IGF binding pocket. Post-translational modifications such as glycosylation, phosphorylation,
and proteolysis of IGFBP-3 have been found in this domain [8–12]. The functional significance of those
post-translational modifications has been reported that glycosylation can affect cell interactions, that
phosphorylation can affect IGF-binding affinity and susceptibility to proteases, and that proteolysis
can affect both IGF-dependent and IGF-independent actions [4,11–13]. Three N-linked glycosylation
sites at asparagine 89, 109, and 172, and phosphorylation sites at serine 111, 113, 156, 165, and at
threonine 170, as well as proteolytic sites for metalloproteases (MMPs) and serine proteases exist in this
domain [8–10,12,13]. The central domain is responsible for the interaction with the IGFBP-3 specific
receptor known as transmembrane protein 219 (TMEM219) [14,15].

2.1.3. The Conserved C-Terminal Domain

This domain spans residues 184–264, containing six cysteines with three disulfide bonds.
This domain is also important in IGF binding [16–19]. Since the IGFBP-3 fragment that contains
only N- or C-terminal domains has significantly reduced affinity for IGFs, it requires an IGF-binding
pocket involving both domains for high affinity binding to IGFs. Several functionally important
sequences/motifs are present in this domain such as binding for heparin, glycosaminoglycans,
proteoglycans, fibronectin, fibrin, transferrin, plasminogen, acid-labile subunit (ALS), and metals such
as iron, zinc, and nickel [3–5,20–24]. Both IGFBP-3 and IGFBP-3-IGF complexes bind fibrinogen, fibrin,
and plasminogen. Furthermore, a nuclear localization sequence (NLS) [25] and a caveolin-scaffolding
domain consensus sequence [26] also reside in this domain.

2.2. IGF/IGF-IR Dependent Actions of IGFBP-3

The principal action of IGFBP-3 is to transport IGF-I and IGF-II in circulation, and, thereby,
prolong the half-life of IGFs. IGFBP-3 has a higher affinity for IGFs (Kd approximately 10−10 M) than
their respective receptors. In serum, most of the IGFs circulate as a 150 kDa complex, consisting of
7·5 kDa IGF-I or IGF-II and 45 kDa glycosylated IGFBP-3 and 90 kDa ALS [3–5,27–29]. The biological
activity of circulating IGFs in the tissues is determined by the transition of IGF from 150 kDa complex
to the 55 kDa IGF-IGFBP-3 complex and subsequent proteolysis of the complex to release IGF in
the circulation or in the local body fluid. In addition to functioning as an IGF transporter, IGFBP-3
also functions as modulators of IGF availability and activity at the cellular levels in an autocrine or
paracrine manner [25,28–32].

IGFBP-3 can inhibit or enhance IGF actions, depending on cell types, the cellular environment,
IGFBP-3 concentration, and post-translational modifications such as glycosylation, proteolysis,
and phosphorylation [4,11–13]. IGFBP-3 has shown to inhibit IGF activity by competitively binding
IGFs and preventing its binding to IGFRs [29,30]. On the other hand, IGFBP-3 can enhance IGF activity
by increasing IGF concentration in the extracellular microenvironment by binding to heparin and
proteoglycans, and, thereby, acting as a reservoir of IGFs [20–22].

2.3. IGF/IGF-IR Independent Actions of IGFBP-3

The IGF/IGF-IR-independent actions of IGFBP-3 have been shown to contribute to the
pathophysiology of various human diseases such as cancer, diabetes, obesity, fatty liver disease,
ischemia, and Alzheimer’s disease [15,33–47]. In an early era of IGFBP-3 research in cancer, many
studies demonstrated that IGFBP-3 is upregulated by different types of cell growth inhibitors at the
transcriptional level in a variety of human cancer cells. These include anti-estrogens (Tamoxifen,
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ICI-182780), TGF-β, retinoic acid, TNF-α, vitamin D, histone deacetylase inhibitor sodium butyrate,
and anti-cancer dietary components including silibinin, apigenin, lycopene, resveratrol, curcumin,
and quercetin [48–57]. In particular, the tumor suppressor gene p53 has been shown to upregulate
IGFBP-3 at the transcriptional level [58,59]. Two p53 binding sites, Box A and Box B, were identified in
the first and second introns of the IGFBP-3 gene, based on homology to the p53 binding consensus
sequence [58]. Further studies using p53 mutants have revealed a link between p53′s activation of
IGFBP-3 transcription and its induction of apoptosis by showing that the mutants that lost the ability
to activate IGFBP-3 could not induce apoptosis [60]. Further research also demonstrated that the
transfection of doxycycline-inducible p53 plasmids resulted in increased expression of p53 and IGFBP-3
and, subsequently, induced apoptosis in p53-negative PC-3 prostate cancer cells [40]. This p53-depedent
induction of apoptosis was inhibited by treating with IGF-I, IGFBP-3 blocking antibodies, and IGFBP-3
antisense oligonucleotides, which demonstrated p53-dependent IGFBP-3′s proapoptotic function. In
light of p53 dependency of IGFBP-3 expression, ΔNp63α, an isoform of tumor suppressor p63 with
both dominant negative (ΔN) activities and a potent repressor of p53-mediated transactivation has
been demonstrated to suppress expression of IGFBP-3 [61]. It appears that ΔNp63α binds the p53
binding sites, Box A and Box B, in the IGFBP-3 gene, and, thereby, inhibits p53-dependent IGFBP-3
expression and presumably suppresses IGFBP-3-induced apoptosis. However, evidence also supports
that IGFBP-3 can be induced in a p53-independet manner [40]. Treatment with genotoxic drugs such
as etoposide and Adriamycin resulted in increased IGFBP-3 expression in p53-negative PC-3 prostate
cancer cells.

Moreover, several studies demonstrated that the loss of IGFBP-3 expression by DNA methylation
is linked to tumorigenesis and cancer progression as well as intrinsic and/or acquired resistance
to radiotherapy and chemo-drugs such as cisplatin in many different types of cancer including
lung, colon, and ovarian cancers [62–69]. These findings strongly suggested that IGFBP-3 may exert
anti-proliferative and anti-tumor functions beyond its ability to modulate IGF functions (IGF/IGF-IR
dependent actions), but the underlying mechanisms involved remain largely unknown. Since then,
there has been an intensive investigation toward characterizing the molecular and cellular mechanisms
for IGF/IGF-IR-independent antitumor effects of IGFBP-3 in human cancer in vitro and in vivo. It is
clear that IGFBP-3 exerts its IGF/IGF-IR-independent biological actions through interactions with a
variety of binding partners on cell surfaces and within cells.

2.3.1. IGFBP-3 Binding Partners on the Cell Surface

The very first evidence for the IGF/IGF-IR-independent actions of IGFBP-3 was the identification
of specific cell surface binding between IGFBP-3 and cell surface proteins and subsequent cell growth
inhibition in Hs578T human triple negative breast cancer (TNBC) cells [33,70]. These initial findings
demonstrated that only IGFBP-3 specifically binds to the cell surface among IGFBPs and the central
domain of IGFBP-3 is necessary for the binding. IGFs attenuated the cell surface binding and the
subsequent growth inhibitory effects of IGFBP-3 by forming IGF-IGFBP-3 complexes. The existence of
high-affinity binding sites for IGFBP-3, which is typical of receptor-ligand interactions, were found.
The binding sites further demonstrated 20- and 28-kDa cell surface proteins as putative receptors.
Based on biochemical and functional characteristics, these proteins are later proven to be an IGFBP-3
receptor, TMEM219, which was identified by a yeast two-hybrid screening using the central domain
of IGFBP-3 from the same Hs578T human TNBC cell line [15]. This IGFBP-3 receptor will be further
discussed in Section 3.

At present, a few proteins have been identified as IGFBP-3 cell surface binding partners such as the
low-density lipoprotein receptor-related protein-1 (LRP-1)/α2M receptor [71], autocrine motility factor
(AMF)/phosphoglucose isomerase (PGI) [72], latent TGF-β binding protein-1 (LTBP-1), caveolin, and
transferrin/transferrin receptor [26,73]. The LRP-1/α2M receptor, also known as TGF-β type V receptor,
is shown to mediate IGFBP-3-induced cell growth inhibition independent of IGF [74,75]. In addition,
it plays a crucial role for cellular internalization of IGFBP-3 since LRP knock-out cells exhibited
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significant reduction of IGFBP-3 internalization when compared with LRP-expressing mouse embryonic
fibroblasts [76]. While AMF/PGI, which is a tumor-secreted cytokine, is endocytosed and regulates
cell migration, proliferation, and survival, IGFBP-3 has been shown to inhibit AMF/PGI-induced cell
migration in T47D and MCF-7 breast cancer cells [72]. LTBP-1, which is a component of the latent
TGF-β complex and a part of structural component of the ECM, is involved in sequestration of latent
TGF-β in the ECM and delivery of TGF-β to the plasma membrane [77]. Although the functional
significance of IGFBP-3 binding to LTBP-1 as well as the large latent complex has not been fully
elucidated, it may be a potential mechanism whereby IGFBP-3 can interact with the TGF-β system [78].
Since a substantial amount of LTBP-1 can be secreted by cells without bound TGF-β, IGFBP-3 may also
involve TGF-β-independent functions of LTBP-1 [79].

IGFBP-3 interaction with caveolin-1 through a caveolin-scaffolding sequence induced IGFBP-3
internalization [26]. Furthermore, recent research indicated that caveolin-1 is an oncogenic
membrane protein and is associated with endocytosis, extracellular matrix organization, cholesterol
distribution, cell migration, and signaling. This strongly suggests the potential regulation of
IGFBP-3 on these caveolin-1-induced functions [80]. IGFBP-3 also binds to transferrin and forms
an IGFBP-3-tranferrin-transferrin receptor complex, providing another mechanism for IGFBP-3
internalization and signaling [26,73]. IGFBP-3 internalization was inhibited by co-incubation and
extracellular sequestration with IGF-I, and was dependent on the transferrin-binding C-terminal
peptide region of IGFBP-3 [26]. By the same token, blocking transferrin receptor-mediated endocytosis
suppressed IGFBP-3 internalization and IGFBP-3-induced apoptosis [26]. At present, it remains
unclear whether TMEM219 is a sole IGFBP-3 receptor mediating IGF/IGF-IR independent antitumor
actions of IGFBP-3 or whether the previously mentioned cell surface binding partners are also partly
involved in IGFBP-3 internalization and subsequent IGF/IGF-IR independent actions in cytoplasmic
and nuclear compartments.

2.3.2. IGFBP-3 Binding Partners within Cells

Although IGFBP-3 can be internalized to the cytoplasmic compartment and translocated to
the nucleus through the NLS in the conserved C-terminal domain, limited knowledge is available
on whether nuclear targeting of IGFBP-3 occurs in all types of cells or requires specific cellular
conditions. Nevertheless, IGFBP-3 has been shown to interact with cytoplasmic/nuclear proteins.
These include humanin [37], RNA polymerase II binding subunit 3 (Rpb3) [81], GalNAc-T14 [82],
glucose-regulated protein 78 (GRP78) [83,84], nuclear retinoid X receptor (RXR) [85], retinoic acid
receptor (RAR) [86], Nur77 [87], vitamin D receptor (VDR) [88], and peroxisome proliferator-activated
receptor-γ (PPARγ) [89].

Humanin is a mitochondrial-derived peptide that inhibits neuronal cell death induced by mutant
genes in Alzheimer’s disease [37]. Humanin has been shown to bind to IGFBP-3 and inhibit nuclear
translocation and induction of apoptosis of IGFBP-3 in human lung cancer cells by suppressing the
IGFBP-3 interaction with importin-β [90]. Rpb3, which is an essential component of the mRNA
transcription apparatus, aids the recruitment of the polymerase complex to specific transcription
factors. Rpb3 has been shown to interact with the NLS motif of IGFBP-3 and might lead to IGFBP-3′s
role in modulating gene transcription [81]. GalNAc-T14, a large subfamily of glycosyltransferases
residing in the Golgi complex, catalyze the first step in the O-glycosylation of mammalian proteins
by transferring N-acetyl-d-galactosamine (GalNAc) to peptide substrates [91]. Since GalNAc-T14
has been shown to be associated with poor recurrence-free survival and promote cell migration and
invasion as well as metastasis through the Wnt signaling in lung cancer [92], IGFBP-3 may interfere
with pro-tumorigenic and pro-metastatic GalNAc-T14 signaling by complexing with GalNAc-T14 in
certain types of cancer including lung cancer. On the other hand, GalNAc-T14 has been also shown
to inhibit IGFBP-3-induced cell proliferation and colony formation in glioblastoma cells. Although
overexpression of IGFBP-3 induced expression of Cyclin E, CDK2, and p-ERK1/2, and overexpression of
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GalNAc-T14 inhibited these IGFBP-3 effects in glioblastoma cells, no evidence was presented whether
direct binding of these two proteins is involved in observed biological outcomes [93].

GRP78, which is also known as immunoglobulin heavy-chain binding immunoglobulin protein
(BiP), plays a critical role for endoplasmic reticulum integrity and stress-induced autophagy in
mammalian cells [94]. When unfolded or misfolded proteins accumulate in the ER (called ER stress),
an unfolded protein response (UPR) is activated through the induction of GRP78 as the first defense
response, which, thereby, restores normal function of the ER by attenuating global translation and
increasing the folding capacity of the ER [95]. It has been shown that the elevated expression of GRP78
is correlated with cancer malignancy, metastasis, and drug resistance in a variety of cancers, including
breast cancer, prostate cancer, lung cancer, and glioma [96]. In line with these findings, GRP78 has been
further shown to possess pro-survival and anti-apoptotic properties [97]. Interaction of IGFBP-3 and
GRP78 has been identified in human breast cancer cells using a yeast two-hybrid screening [83]. In this
study, overexpression of IGFBP-3 showed that IGFBP-3 binding to GRP78 results in the disruption of the
GRP78-caspase-7 complex, which, thereby, activates caspase-7, and, subsequently, induces apoptosis
in anti-estrogen-resistant breast cancer cells. These findings strongly suggest that IGFBP-3 could
sensitize anti-estrogen-resistant breast cancer cells to anti-estrogen such as ICI 182,780 by preventing
the anti-apoptotic function of GRP78. On the contrary, IGFBP-3 has been shown to enhance the survival
of cells subjected to glucose starvation and hypoxia by inducing autophagy in a GRP78-dependent
manner in human breast cancer cells, which suggests that IGFBP-3 may play a key role in mediating an
autophagic survival response [84]. Although the biological outcomes of IGFBP-3 are much different
depending on the cellular environment, it is clear that the specific interaction of GRP78 and IGFBP-3 is
attributed to the observed IGFBP-3 effects.

IGFBP-3 has also been shown to inhibit cell growth and induce apoptosis through an interaction
with nuclear proteins such as retinoid X receptor (RXR)-α, retinoic acid receptor (RAR), and Nur77 [98].
RXR is involved in physiological functions of thyroid hormone, steroid hormones, embryonic
development, apoptosis, and homeostasis [99–101]. RXR heterodimerizes with Nur77, a nuclear
receptor transcription factor, and, thereby, enhances its DNA binding ability and regulates apoptosis
in various cancers [102]. IGFBP-3 binds RXR-α and RAR and, subsequently, modulates RAR/RXR
and RXR/Nur77 signaling, which, thereby, induces apoptosis [81,82]. It has been further shown that
Nur77 translocates to the nucleus and initiates apoptosis in the presence of IGFBP-3 [98]. However,
recent studies also showed that IGFBP-3 mutants that failed to translocate to the nucleus and lost
binding ability to RXR-α, still induced apoptosis in breast cancer cells [103,104]. This suggests that
IGFBP-3 may either utilize multiple mechanisms for its anti-tumor actions depending upon the cellular
environment or the observed IGFBP-3 interaction with cytoplasmic/nuclear partners may not represent
major IGFBP-3 anti-tumor signaling. It is clear that IGFBP-3 exerts a pro-apoptotic and anti-proliferative
IGF/IGF-IR independent actions through multiple mechanisms such as an interaction with the IGFBP-3
receptor and other binding partners on the cell surface and within cells as well as nuclear association.
The remainder of this review will focus on the IGFBP-3 receptor TMEM219 in human cancer by
mainly providing the evidence to date regarding the IGFBP-3/TMEM219 system as an anti-tumor and
anti-metastatic signaling in human cancer.

3. TMEM219 as an IGFBP-3 Specific Receptor

Early studies in the IGF/IGF-IR-independent actions of IGFBP-3 have been shown that IGFBP-3
binding to a cell surface protein is required for its anti-proliferative action in human breast cancer
cells and that the central domain of IGFBP-3, which is the least conserved region among IGFBPs 1–6,
is responsible for cell surface binding [33,70,105]. Furthermore, IGFBP-3 has been shown to induce
apoptosis by activating caspase-8 cleavage, but not cytochrome c release or caspase-9 cleavage involved
in the death receptor-mediated apoptotic pathways in MCF-7 breast cancer cells [106]. These findings
strongly suggested the existence of an IGFBP-3-specific receptor mediating the direct anti-proliferative
and pro-apoptotic effects of IGFBP-3 in a variety of cancer cells.
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As an effort to identify a novel cell death receptor specific for IGFBP-3, yeast two-hybrid screening
was employed using a cDNA construct encoding amino acid residues 88–148 of the variable central
domain of IGFBP-3 as bait against an Hs578T human TNBC cell cDNA library. As a result, a functionally
unknown transmembrane protein TMEM219 has been identified as an IGFBP-3 specific interacting
protein and later designated as an IGFBP-3 receptor (IGFBP-3R) [15]. TMEM219 consists of four exons
comprising the 915-base pair cDNA sequence on chromosome 16q13 and represents a 240-amino acid
polypeptide. Further analysis of the deduced amino acid sequence indicated that the 202-residue mature
human IGFBP-3R consists of an extracellular domain, a putative single-span transmembrane domain,
and a short C-terminal cytoplasmic domain (Figure 2). The extracellular domain contains three potential
N-glycosylation sites and three phosphorylation sites. The transmembrane domain contains a leucine
zipper-like heptad repeat pattern of amino acids that appear to involve dimerization/oligomerization
of the membrane proteins. This very unique leucine zipper sequence is also present in the single-span
transmembrane domain of the erythropoietin receptor and the discoidin domain receptor [106,107].
Additionally, IGFBP-3R activates caspase-8-induced apoptosis in unconventional ways: (1) IGFBP-3R
and inactive procaspase-8 is pre-complexed at the resting stage, and IGFBP-3 binding to IGFBP-3R
releases procaspase-8, and, thereby, activates caspase-8-dependent apoptosis, and (2) IGFBP-3R
complexes with procasepase-8 without involvement of a typical death domain (DD) sequence. The DD
sequence in the intracellular portion of the receptor is required to form a death-inducing signaling
complex (DISC) by recruiting adaptor proteins (FADD) and procaspase-8 after receptor activation in
various death receptors such as the TNF-α receptor, TNF-related apoptosis-inducing ligand receptor 1
(TRAIL-R1/DR4), TRAIL-R2 (APO-2/DR5), and CD95 (Fas, APO-1). However, similar to IGFBP-3R,
a few other proteins have been shown to interact with caspase-8 and induce apoptosis despite the lack
of a DD sequence [108,109]. IGFBP-3R is located in both the plasma membrane and cytoplasm, but not
in the nucleus of the cancer cells. This cell surface IGFBP-3R interacts specifically with IGFBP-3 but not
with other high-affinity IGFBPs, activates procaspase-8, and mediates IGFBP-3-induced apoptosis in
many different types of cancer cells and tumor suppression in both prostate and breast cancer xenograft
mouse models. Further knockdown of IGFBP-3R attenuates IGFBP-3-induced caspase activities and
apoptosis, whereas its overexpression elicited the opposite effects [15,65,110,111]. These findings
clearly indicate that IGFBP-3R (TMEM219) is a bona fide IGFBP-3 receptor and mediates anti-tumor
activities of IGFBP-3.

Figure 2. Structure of human IGFBP-3R (TMEM219). The 202-residue mature IGFBP-3R, omitting
the 38-residue signal peptide, is comprised of three domains: extracellular, transmembrane, and
cytoplasmic domains. Extracellular domain contains three potential N-glycosylation sites (residues 73,
101, 167) and three potential phosphorylation sites (S36, T75, T77). The single-span transmembrane
domain contains a leucine zipper-like heptad repeat pattern characteristic of leucine zipper interaction
domains. The letters in red correspond to a-type and d-type interfacial residues in leucine zipper
interaction domains [15]. The vertical blue lines represent nine cysteine residues.
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In addition, IGFBP-3 has been shown to suppress tumor-induced NF-κB activity via activation
of caspase-8 and caspase-3/7 in an IGF/IGF-IR-dependent manner in prostate cancer cells [111].
IGFBP-3 suppresses NF-κB activity in a unique way. It exerts caspase-induced degradation of
IκBα and NF-κB, but not other components such as IKK. IGFBP-3 also inhibited the expression of
NF-κB-regulated factors such as VEGF, IL-8, ICAM-1, and VCAM-1. This inhibitory action of IGFBP-3
was IGF/IGF-IR-independent since the IGFBP-3 mutant devoid of IGF binding affinity had a similar
inhibitory effect. Furthermore, IGFBP-3R has been shown to be responsible for IGFBP-3-induced
suppression of NF-κB activity in cancer cells. These findings indicate that IGFBP-3 in addition
to inducing apoptosis, also suppresses tumor-induced NF-κB activity, and, thereby, enhances the
inhibition of tumor growth, angiogenesis, invasion, metastasis, and chemoresistance [111].

Recent reports further explored the therapeutic potential of the IGFBP-3/IGFBP-3R axis in cancer
by developing an IGFBP-3R agonistic monoclonal antibody (mAb) [112]. It has been shown that
activation of IGFBP-3R by IGFBP-3 and IGFBP-3R agonistic mAb inhibits cell growth by inducing
apoptosis and by tumor-induced NF-κB activity specifically in cancer cells, but not in normal cells.
At present, for the cancer cell, specific pro-apoptotic properties of IGFBP-3 and IGFBP-3R agonistic
mAb are not fully elucidated. However, a few potential mechanisms can be speculated based on the
findings in tumor-specific targeting of the death receptor (DR)-4 and DR-5 agonistic mAb therapy
despite the presence of DR-4/DR-5 in normal cells [113–115]. These include: (1) decreased level of the
cell surface DR-4/DR-5 in normal cells compared to cancer cells, (2) differential expression of unknown
intracellular inhibitor(s) of apoptosis downstream of caspase-8, and (3) changes in apoptotic potency
due to different glycosylation patterns of DRs.

In addition, IGFBP-3R agonistic mAb lost anti-proliferative effects in IGFBP-3R knockout cells.
These in vitro data indicate that IGFBP-3R is indispensable for anti-tumor functions of IGFBP-3 and
IGFBP-3R agonistic mAb in a variety of cancer cells. Further anti-tumor and anti-metastatic effects of
IGFBP-3R agonistic mAb have been shown in vivo using MDA231 TNBC and patient-derived TNBC
xenograft models [112]. Taken together, these findings provide evidence that IGFBP-3R (TMEM219) is
a bona fide IGFBP-3 receptor and a potential target for cancer therapy.

4. Clinical Insights of IGFBP-3/IGFBP-3R (TMEM219) System in Cancer

Although IGFBP-3 may utilize multiple mechanisms for its anti-tumor actions, current findings
suggest that the IGFBP-3/IGFBP-3R axis may constitute a novel anti-tumor/anti-metastatic signaling
pathway and a novel potential therapeutic target in cancer. However, since limited knowledge is
available on clinicopathologic significance and prognostic value of the IGFBP-3/IGFBP-3R system,
the remainder of this review will focus on its clinical significance using data mining and analyses of
publicly available databases including The Cell Index (CELLX) database (http://cellx.sourceforge.net)
and The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov). Log2-transformed
RSEM (RNA-Seq by Expectation-Maximization) [116] gene expression values were obtained.

4.1. IGFBP-3 and TMEM219 Gene Expression in Tumor and Normal Samples

Analysis of IGFBP-3 expression identified highly variable expression levels among different types
of cancer as well as normal tissues (Figure 3). Further differential expression of IGFBP-3 was analyzed
in cancers and the counterpart normal tissues where at least 12 normal samples were available (Table 1).
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Figure 3. Cancer vs. normal IGFBP-3 log2 RSEM gene expression boxplots (all cancer). Description of
abbreviations presented in Table 1.

Table 1. Differential expression of IGFBP-3. “Mean log2(RSEM)”—average gene expression in normal
and cancer tissues, respectively. t-test p-values are shown.

TCGA ID Description
log2 Fold
Change

p-Value
Mean

log2(RSEM)
Normal

Mean
log2(RSEM)

Cancer

Upregulated in Tumor

KIRC Kidney renal clear cell carcinoma 3.44 3.11 10−53 11.86 15.30

LUSC Lung squamous cell carcinoma 2.26 1.22 10−28 10.61 12.86

LUAD Lung adenocarcinoma 1.94 9.28 10−21 10.31 12.26

HNSC Head and Neck squamous cell carcinoma 1.32 2.29 10−7 10.82 12.14

STAD Stomach adenocarcinoma 1.18 8.67 10−7 10.82 12.00

THCA Thyroid carcinoma 1.11 4.85 10−16 9.46 10.57

BLCA Bladder urothelial carcinoma 1.05 3.57 10−3 12.56 13.61

COAD Colon adenocarcinoma 0.65 4.01 10−9 10.45 11.10

KIRP Kidney renal papillary cell carcinoma 0.34 5.19 10−2 11.69 12.03

Downregulated in Tumor

LIHC Liver hepatocellular carcinoma −2.53 4.17 10−81 14.18 11.65

KICH Kidney Chromophobe −1.07 6.80 10−5 12.32 11.25

BRCA Breast invasive carcinoma −0.82 9.74 10−24 12.04 11.23

PRAD Prostate adenocarcinoma −0.56 1.47 10−5 11.27 10.72

UCEC Uterine Corpus Endometrial Carcinoma −0.43 1.53 10−1 13.29 12.86

Increased IGFBP-3 expression was observed in kidney renal clear cell carcinoma (log2 fold change
+3.44), lung squamous cell carcinoma (log2 fold change +2.26), lung adenocarcinoma (log2 fold change
+1.94), head and neck squamous cell carcinoma (log2 fold change +1.32), stomach adenocarcinoma
(log2 fold change +1.18), thyroid carcinoma (log2 fold change +1.11), bladder urothelial carcinoma
(log2 fold change +1.05), colon adenocarcinoma (log2 fold change +0.65), and kidney renal papillary
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cell carcinoma (log2 fold change +0.34). On the other hand, decreased expression of IGFBP-3 was
observed in liver hepatocellular carcinoma (log2 fold change −2.53), kidney chromophobe (log2 fold
change −1.07), breast invasive carcinoma (log2 fold change −0.82), prostate adenocarcinoma (log2 fold
change −0.56), and uterine corpus endometrial carcinoma (log2 fold change −0.43).

In the same datasets, TMEM219 expression also showed variable expression patterns, but had
less variation when compared to IGFBP-3 among different types of cancer as well as normal tissues
(Figure 4). Analysis of differential expression of TMEM219 revealed significant increased TMEM219
expression in 6 out of 14 tumors (Table 2). These include kidney renal papillary cell carcinoma (log2
fold change +0.53), thyroid carcinoma (log2 fold change +0.40), breast invasive carcinoma (log2 fold
change +0.39), kidney renal clear cell carcinoma (log2 fold change +0.29), bladder urothelial carcinoma
(log2 fold change +0.27), and uterine corpus endometrial carcinoma (log2 fold change +0.22). On the
contrary, decreased TMEM219 expression was observed in lung squamous cell carcinoma (log2 fold
change −0.74), stomach adenocarcinoma (log2 fold change −0.42), colon adenocarcinoma (log2 fold
change −0.36), head and neck squamous cell carcinoma (log2 fold change −0.32), lung adenocarcinoma
(log2 fold change −0.12), and kidney chromophobe (log2 fold change −0.10). In summary, these results
suggest IGFBP-3 as a diagnostic biomarker and TMEM219 as a therapeutic target in certain types of
tumors. Importantly, TMEM219 agonists may represent a novel therapy for tumors with significantly
lower expression of IGFBP-3 but not TMEM219 compared to the counterpart normal tissues, such as
breast invasive carcinoma, uterine corpus endometrial carcinoma, liver hepatocellular carcinoma, and
prostate adenocarcinoma.

Figure 4. Cancer vs. normal TMEM219 log2 RSEM gene expression boxplots (all cancer). Description
of abbreviations presented in Table 2.
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Table 2. Differential expression of TMEM219. “Mean log2 (RSEM)”—average gene expression in
normal and cancer tissues, respectively. t-test p-values are shown.

TCGA ID Description
log2 Fold
Change

p-Value
Mean

log2(RSEM)
Normal

Mean
log2(RSEM)

Cancer

Upregulated in Tumor

KIRP Kidney renal papillary cell carcinoma 0.53 3.16 10−14 11.07 11.60

THCA Thyroid carcinoma 0.40 2.77 10−8 10.94 11.34

BRCA Breast invasive carcinoma 0.39 1.00 10−19 10.71 11.10

KIRC Kidney renal clear cell carcinoma 0.29 4.30 10−11 10.88 11.18

BLCA Bladder urothelial carcinoma 0.27 1.08 10−1 10.92 11.19

UCEC Uterine Corpus Endometrial Carcinoma 0.22 4.47 10−3 11.10 11.32

LIHC Liver hepatocellular carcinoma 0.09 2.11 10−1 11.30 11.39

PRAD Prostate adenocarcinoma 0.08 2.52 10−1 11.18 11.26

Downregulated in Tumor

LUSC Lung squamous cell carcinoma −0.74 6.56 10−23 11.18 10.45

STAD Stomach adenocarcinoma −0.42 5.93 10−4 10.86 10.44

COAD Colon adenocarcinoma −0.36 1.47 10−7 11.25 10.89

HNSC Head and neck squamous cell carcinoma −0.32 9.00 10−4 10.63 10.30

LUAD Lung adenocarcinoma −0.12 3.97 10−2 11.18 11.06

KICH Kidney Chromophobe −0.10 3.20 10−1 11.24 11.14

4.2. Pan-Cancer Survival Effect of IGFBP-3 and TMEM219

To investigate the effect of IGFBP-3 and TMEM219 expression on survival in clinical settings,
the RNA-seq data from TCGA was analyzed (Figure 5). Gene expression data summarized as RSEM
values were obtained using the TCGA2STAT R package v.1.2, along with the corresponding clinical
annotations. Data for each of the 34 cancers were obtained separately. The data were log2-transformed
and analyzed using Kaplan-Meier curves and the Cox proportional hazard model. Each gene of
interest was analyzed for its effect on survival by separating patients into high/low expression
subgroups. The scanning approach KaplanScan, used on the R2 Genomics web portal [117], was
used to estimate the best gene expression cutoff that separates high/low expression subgroups with
differential survival (R code modified from Reference [118]). In addition to survival analysis across
all cancers, further survival analysis was performed within clinical subgroups of specific cancers,
e.g., in “race-black or African-American” subgroup. p-values were corrected for multiple testing
using the Benjamin-Hochberg (FDR) method [119] and reported throughout unless noted otherwise.
Only subgroups with >40 patients were considered. This approach allowed us to understand
the effect of IGFBP3 and TMEM219 expression on the level of individual cancers and in specific
population subgroups.
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Figure 5. Survival effect of IGFBP-3 (A) and TMEM219 (B) in various cancers. Larger size of each bar
corresponds to the more significant effect on survival.

Analysis of the survival effect of IGFBP-3 expression in all cancers identified its highly significant
effect on survival in glioma (FDR = 1.51·10−32 (Hazard Ratio, HR = 4.39)) (Figures 5A and 6A).
Survival in pan-kidney cohort (KICH+KIRC+KIRP), lower grade glioma, mesothelioma, colorectal
adenocarcinoma was similarly affected by IGFBP-3 to a lesser extent (FDR = 1.74·10−6 (HR = 2.73),
1.25·10−5 (HR = 2.36), 1.22·10−3 (HR = 2.98), 3.87·10−3 (HR = 2.20), respectively) (Figure 6B,C). On the
other hand, higher IGFBP-3 was suggestive of better survival outcome in lymphoid neoplasm diffuse
large B-cell lymphoma (FDR = 2.58·10−2 (HR = 0.14)), breast cancer (1.20·10−1 (HR = 0.74)), prostate
adenocarcinoma (3.43·10−1 (HR = 0.51)), cholangiocarcinoma (4.84·10−1 (HR = 0.57)), bladder urothelial
carcinoma (3.63·10−1 (HR = 0.84)), and uterine carcinosarcoma (6.65·10−1 (HR = 0.860)) (Figure 6D–F).

In summary, these results suggest IGFBP-3 as a prognostic biomarker in glioma, mesothelioma,
kidney, and colorectal cancers with lower expression suggestive of better survival outcome,
whereas diffuse large B-cell lymphoma, cholangiocarcinoma, bladder urothelial carcinoma, uterine
carcinosarcoma, breast, and prostate cancer with higher expression suggestive of better survival
outcome. Of note, the observed dichotomy of IGFBP-3 expression and patients’ survival in various
cancers may be attributed to other factors such as IGF-1/IGF-2 expression, IGFBP-3 polymorphism
status, tumor suppressor p53 family status, tumor metabolic characteristics, and others. In addition,
functional IGFBP-3 protein levels in circulation or in tumor and ratio of IGF-I and IGFBP-3 in circulation
should be further factored to interpret the TCGA data.
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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 =

137



Cells 2020, 9, 1261

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

170



Cells 2020, 9, 862

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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