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Abstract: When originally discovered, one of the initial observations was that, when all of the insulin
peptide was depleted from serum, the vast majority of the insulin activity remained and this was
due to a single additional peptide, IGF-II. The IGF-II gene is adjacent to the insulin gene, which is
a result of gene duplication, but has evolved to be considerably more complicated. It was one of the
first genes recognised to be imprinted and expressed in a parent-of-origin specific manner. The gene
codes for IGF-II mRNA, but, in addition, also codes for antisense RNA, long non-coding RNA,
and several micro RNA. Recent evidence suggests that each of these have important independent
roles in metabolic regulation. It has also become clear that an alternatively spliced form of the insulin
receptor may be the principle IGF-II receptor. These recent discoveries have important implications
for metabolic disorders and also for cancer, for which there is renewed acknowledgement of the
importance of metabolic reprogramming.
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1. Introduction

Insulin-like growth factor-II (IGF-II) is one of the most abundant growth factors and, by far,
the most abundant peptide with insulin-activity in the body. Some 21 years ago, I wrote an editorial
commenting that, despite this, remarkably little was known regarding the physiology of IGF-II [1].
Although, in the intervening period, considerably more information has been acquired in relation to
IGF-II physiology. It still remains somewhat of an enigma. This review will attempt to address these
issues by assimilating many of the new observations. The indications for IGF-II having an important
role, particularly in metabolic disorders and cancer, will be discussed. Lastly, a hypothesis will be
proposed suggesting a fundamental role for IGF-II in human physiology.

2. Impediments to Progress

Advances in our understanding follow extensive studies, but to undertake such studies, the first
task is always to raise the required funding. This normally involves making a very solid case and
convincing reviewers that there is a sufficiently interesting story to justify the allocation of funds
for further study. This has been relatively straightforward for insulin and IGF-I but not for IGF-II.
Insulin plays a central role in the very prevalent human disease, diabetes mellitus. This was recognised
around a century ago and resulted in intense study, leading to many ‘firsts’ in endocrinology and
a string of Nobel Prizes [2]. The pivotal role for IGF-I as a key regulator of somatic growth was
recognised in the 1950s [3] and many subsequent studies identified large variations in circulating
IGF-I concentrations that were related to growth, nutrition, and different pathologies. In contrast,
circulating IGF-II levels vary very little throughout postnatal life or with pathology. The circulating
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concentration of IGF-II is generally unchanged even in non-islet cell tumor-induced hypoglycemia;
a relatively rare clinical condition that is manifest by very clear metabolic effects arising from excess
IGF-1I is produced by aggressive tumors [4]. An additional issue is that the post-natal physiology
of IGF-II in rats and mice is very different from that of humans [5], which makes it difficult to use
evidence from these experimental models to justify studies in humans. A further impediment to
progress in our understanding is the complexity of IGF-II biology. The IGF-II gene is much more
complex than IGF-I and both are considerably more complex than insulin, which, in comparison,
is relatively straightforward. The additional complexity of IGF-II extends to the binding proteins,
three of which bind IGF-II with higher affinity than IGF-I, and to the cell receptors with which it
interacts. Insulin, IGF-I, and IGF-II interact with each other’s receptors, but there is an additional
receptor with specificity and very high affinity for IGF-II. The more complex biology, in combination
with fewer studies, has meant that we know much less about IGF-II and it is far more difficult to build
a compelling story to justify funding.

These factors help explain why IGF-II has been relatively under researched. A simple search
on PubMed reveals that, for every paper published on IGF-II, there have been approximately three
published on IGF-I and 30 published on insulin. This imbalance is virtually the inverse of the complexity
of their genes and also the inverse of their relative abundance in the adult human body. It is apparent,
however, that an incredibly intricate series of checks and balances have evolved to control the cellular
activity of IGF-II; again far more complex than that for IGF-I and insulin. The evolution of additional
complexity for IGF-II and several additional cellular controls, further than those for IGF-I and insulin,
implies that the stringent control of IGF-II is extremely important for the cell and yet it has received the
least interest from researchers of all the insulin-like family. Purely on teleological terms, it seems that
our neglect of IGF-II may be ill judged.

3. IGF-II: An Imprinted Multifunctional Metabolic Genetic Loci

The human IGF-II gene is located on the short arm of chromosome 11 at 11p15.5 (Figure 1). The 67
amino acid IGF-II peptide shares around 47% amino acid homology with pro-insulin and the genes
presumably originated from an early evolutionary gene duplication event. Immediately, 5 of IGF-II is
the insulin gene (INS), just 1.4 kilobase (kb) upstream. A relatively simple gene, with three exons coding
for pre-pro-insulin, driven by one promoter. In contrast, the IGF-II gene spans 29.3 kb and consists of 10
exons, four of which code for pre-pro-IGF-II and can be driven from five different promoters. Adding
to the impediments detailed above, the current knowledge regarding the IGF-II gene is not accurately
or completely described in any of the publicly available genetic databases, which most geneticists use
as roadmaps, as has been carefully detailed recently [6]. Immediately 3’ of the IGF-II gene, 128 kb
downstream, is a non-coding gene H19. Linked to IGF-II by an imprinting control region (ICR)
immediately before H19 that regulates the expression of both IGF-II and H19. Thus, the INS/IGF-II/H19
locus forms a functional unit. The intricacies of the different promoters, alternative splicing, and distinct
classes of prepro-IGF-II proteins have been nicely reviewed recently [6]. Imprinted genes are those that
are only expressed from one of the parental chromosomes. IGF-II was the first identified imprinted
gene with expression in mice being restricted to the paternal allele [7,8]. This has been studied
extensively in mice but much less in humans, even though it is clear that there are important differences
between species. In rodents, IGF-II expression post-weaning is restricted to very few sites and
circulating levels fall to very low levels. In contrast, in adult humans, transcription of IGF-II from
the P1 promoter in the liver is not imprinted, but there is biallelic expression [9] and high circulating
IGF-II levels are maintained throughout life. The imprinting of the IGF-II/H19 locus is controlled by
the transcriptional regulator CCCTC-binding factor (CTCF). An 11-zinc-finger nuclear protein that
binds to the ICR between IGF-II and H19, depending on the methylation of a differentially methylated
region (DMR) within the ICR, and results in reciprocal imprinting of the two genes. Normally, the ICR
is paternally methylated and maternally unmethylated permitting CTCF to bind to the maternal allele.
The bound CTCF then forms dimers with CTCF that also bind to regions near the IGF-II promoters.
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This produces and stabilises intra-chromosomal loop structures and forms the scaffold for recruitment
of repressors that prevent an interaction with enhancers downstream of H19 suppressing transcription
from the maternal IGF-II gene [10-13]. In contrast, CTCF cannot bind to the methylated paternal allele,
which provides no scaffold for the recruitment of repressors and a chromosomal loop brings the IGF-II
promoter into close proximity to the downstream enhancers that drive expression of paternal IGF-II
The DMR in the ICR extends into the promoter for H19, which results in silencing of the paternal allele
whereas, on the maternal allele, a loop enables the downstream enhancers to promote H19 expression.
Genetic or epigenetic abnormalities in the ICR disrupt this reciprocal imprinting and can result in
developmental disorders of growth [14]. Abnormalities leading to loss of methylation at the ICR cause
downregulation of IGF-II expression and biallelic expression of H19 and this can result in Russell-Silver
Syndrome, characterised by severe prenatal and postnatal growth retardation and an increased risk of
subsequent metabolic syndrome [14]. In contrast, abnormalities leading to the gain of methylation at
the ICR causes loss of imprinting (LOI) and over expression of IGF-II and down regulation of H19,
which can result in Beckwith-Wiedeman Syndrome. This is an overgrowth disorder associated with
neonatal hypoglycemia and an increased risk of childhood tumors [14,15]. Disruption of imprinting,
however, does not necessarily result in pathologies as screens of normal healthy neonates have revealed
that around 20% exhibited LOI of IGF-II [16,17]. There is not, however, a good correlation between
imprinting status and expression of IGF-II, since the majority of neonates with LOI had normal levels
of IGF-II expression [17]. This implies that, for a developmental abnormality to be manifest, either the
imprinting disorder must occur at a critical developmental stage or that other factors are also necessary.
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Figure 1. Schematic diagram of the human INS/IGF-II/H19 cluster genes on chromosome 11. The human

IGF-II gene (consists of 10 exons) is transcribed into different mRNA transcripts originating from five
unique promoters (P0-P4): IGF-II reverse transcribed yields IGF-II anti-sense (IGF-Ilas) and micro
RNA—miR-483. Human IGF-II mRNA translates to IGF-II peptide and preptin. The INS gene is
located only 1.4 kb upstream from IGF-II consisting of three exons coding for insulin and INSIGF.
The H19 gene is located 128kb downstream of IGF-II linked to it by an imprinting control region (ICR)
to which a transcriptional regulator CCCTC-binding factor (CTCF) can bind and regulate imprinting
of IGF-II/H19. The human H19 gene transcribes in a sense direction to yield long non-coding H19
and micro RNA—miR-675 or in antisense direction to 91H, which translates to H19 opposite tumor
suppressor (HOTS).

The product of the IGF-II gene is the precursor, prepro-IGF-II, which contains a 24-amino acid
N-terminal signal peptide and a C-terminal E-domain, which can be glycosylated. Cleavage of the
signal peptide results in pro-IGF-II and further proteolysis cleaves the mature IGF-II from the E-domain
that is also secreted [18]. This post-translational processing is not absolute and a variety of precursors,
often referred to as ‘big” IGF-II, are secreted with around 13% of the IGF-II in the circulation present as
pro-IGF-II and around 16% as pre-pro-IGF-1I [19].
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3.1. Preptin

In a search for other hormones secreted from pancreatic islet 3-cells, a small 34-amino acid peptide
was identified that was found to be derived from cleavage of the E-domain from pro-IGF-II and this
was termed preptin. It was isolated from the secretory granules of 3-cells and shown to be co-secreted
with insulin [18].

3.2. H19

The H19 gene was the first imprinted, long non-coding RNA (IncRNA) to be identified [20].
IncRNA are regulatory RNAs longer than 200 nucleotides. H19 lacks a conserved open reading frame
and is not translated but it is transcribed, spliced, polyadenylated, and widely expressed. Hence,
it is presumed to function as an RNA [21]. Over the last few decades, a plethora of roles have
been ascribed to H19 by way of modulation of expression of other genes either via H19 acting as
a source for microRNA (miRNA) or as a sink, or a decoy, for sequestering miRNAs or via interactions
with chromatin modifying proteins, RNA binding proteins, or other proteins. The H19 transcript of
around 2.3 kb is transcribed from five exons with alternative splicing, which results in two alternative
transcripts [22].

3.3. miR-675

Micro-RNA (miRNA) are generally short, 18-25 nucleotide long segments of RNA that regulate
the translation of many genes by translational repression or mRNA degradation. The H19 transcript
contains an miRNA-containing hairpin within its first exon that serves as a precursor for two different
miRNA. These are generated by the actions of the RNAse enzymes, Drosha and Dicer, to yield
miR-675-3p and miR-675-5p [23]. The excision of miR-675 from H19 is regulated by the RNA-binding
protein human antigen R (HuR), which protects RNA from endonucleases such as Drosha and Dicer.
It was shown that miR-675 could slow cell proliferation and restrict placental growth, potentially by
targeting the IGF-I receptor (IGF-IR) [24]. This was consistent with a parental conflict hypothesis [25]
and the concept that maternally expressed genes generally suppress embryonic growth. Subsequently,
there have been many reports of different genes targeted by miR-675. The database Targetscan
(www.targetscan.org) lists 2598 potential targets for miR-675-3p and 1352 for miR-675-5p and the
database miRTarBase (www.mirtarbase.mbc.nctu.edu.tw) lists 56 gene targets for miR-675-3p that have
been, so far, experimentally validated and 70 validated gene targets for miR-675-5p. Thus, while RNA
that code for proteins generally produce a limited set of products with a defined function, the miRNA
can potentially affect many processes by targeting the expression of many other genes and, presumably,
the specificity of these seemingly promiscuous regulators will eventually prove to be context-specific.

The complete picture and relative importance of the different targets of miR-675 are a long way
from being elucidated. However, within the context of a review of the function of the INS/IGF-1I/H19
locus, there are a few discoveries that already merit a mention. The first came from the observation
that miR-675 was expressed in the placenta exclusively at the gestational time when placental
growth ceases and that this was associated with down-regulation of the IGF-IR [24]. In the rapidly
developing embryonic tissues, miR-675 remained tightly repressed despite high expression of H19
and over-expression of miR-675 inhibited the growth of a variety of embryonic cell lines [24]. It was
suggested that H19 acted as a large latent reservoir of miR-675 that could be mobilised to suppress
growth in situations of stress. The excision of miR-675 from H19 was shown to be regulated by the
stress-response RNA-binding protein HuR [24]. In response to stress, HuR is translocated from the
nucleus to the cytoplasm, which could then expose H19 to processing by Drosha generating miR-675 to
suppress IGF-IR. The functional interaction between miR-675 and IGF-IR also appears to be operational
during the differentiation of mesenchymal stem cells [26]. In contrast to growth suppression via
targeting the IGF-IR, miR-675 has been reported to enhance the proliferation of vascular smooth muscle
cells via translational repression of phosphatase and tensin homology deleted on chromosome ten
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(PTEN) [27]. This is the phosphatase that dephosphorylates phosphatidylinositol-3,4,5-phosphate,
which is a critical second messenger in the PI3K signaling pathway, known as one of the main
signaling pathways activated by the insulin receptor (IR) and the IGF-IR [28]. In addition, miR-675
has been reported to promote the growth of colorectal cancer cells by targeting the tumor suppressor
retinoblastoma (RB) [29]. A further reported target of miR-675 suggests a more general epigenetic role
by targeting histone deacetylases (HDACs) 4, 5, and 6 [30] and this resulted in a feedback loop as the
inhibition of the HDACs, which reduced the binding of CTCF to the H19 ICR resulting in reduced H19
expression [30].

3.4. H19 as a miRNA Decoy

In addition to being a source of two miRNA, along with several other IncRNA, H19 also sequesters
many other miRNA acting as a competing endogenous RNA, which is a decoy or sponge for miRNA.
One of the most well characterised interactions is with the first identified miRNA, the let-7 family.
In humans, there are nine mature let-7 miRNA members encoded by 12 different genomic loci [31].
By acting as a molecular sponge, H19 modulates let-7 availability [32] and, in turn, let-7 binding
destabilizes H19 resulting in a double-negative feedback loop [33,34]. In addition to being well
characterised as tumor suppressors, let-7 plays an important role in insulin/IGF signaling and glucose
metabolism; indeed the IR and IGF-IR are both targets of let-7 [35]. A similar feedback loop has been
described for another miRNA, miR-141, that is sequestered by H19, with levels of H19 and miR-141 being
negatively related and miR-141 suppressing H19 expression [36,37]. Acting as a sponge for miR-152
enables H19 to have a broader epigenetic effect, since a target of miR-152 is DNA methyltransferase 1
(DNMT1). Increased H19 can, via this mechanism, result in DNA hypermethylation [38]. With many
miRNA sequestered by H19 and each miRNA having multiple potential target genes, this presents
a large scope for H19 to participate in many complex regulation networks.

3.5. H19 Interactions with Proteins

In addition to the many functions mediated via binding to miRNA, there have been multiple
reports of H19 affecting cell function by binding directly to several different proteins. In gastric
cancer cells, H19 binds directly to p53 resulting in increased proliferation and reduced apoptosis [39].
This has important metabolic effects as p53 binds to the promoter region of FoxO1, which itself directly
drives a number of gluconeogenic gene promoters and reduced H19 can, therefore, drive increased
gluconeogenesis via p53 [40]. In addition to H19 binding directly to p53 and inhibiting its actions,
p53 is a target for miR-675-5p, which is derived from processing H19. This results in decreased
p53 levels [41]. This suggests a close and complex interaction between H19 and p53. In addition
to the broader epigenetic effects of H19, acting as a miRNA sponge, it also has further potential as
an epigenetic regulator via a number of direct protein interactions. A report of multiple binding sites
on H19 for IGF-Il mRNA-binding protein 1 (IMP1) suggests a post-transcriptional link between the
IGF-II and H19 genes with H19 potentially involved in the nuclear export, cytoplasmic localisation,
and translation of IGF-Il mRNA and, hence, regulating IGF-II expression [42]. A further clue that H19
may function as a more general riboregulator came with the report that H19 binds to a K homology
(KH)-type splicing regulatory protein (KSRP) [43]. This study suggested that H19 acted as a molecular
scaffold that facilitated the association of KSRP with unstable mRNAs and promoted their decay in
a PI3K/AKT dependent manner [43]. A number of cellular functions appear to be regulated by KSRP
either due to promoting the decay of mRNA or the production of miRNA from their precursor RNA,
including let-7 [44]. Yet, a further potentially important regulation has been implied by the report
that H19 binds with an enhancer of zeste homolog 2 (EZH2) [45], which is a core component of the
polycomb-repressive complex 2 (PRC2) that is recruited to specific chromatin regions where EZH2
acts as a histone H3 Lys 27 (H3K27) methyltransferase to repress specific gene expression. In this way,
H19 inhibits E-cadherin expression in bladder cancer cells [45] and also inhibits distinct subgroup of
the Ras family member 3 (DIRAS3) in cardiomyocytes [46].
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The most well characterised epigenetic modification of DNA is methylation that is mediated
by the action of three S-adenosylmethionine (SAM)-dependent DNA methyltransferases (DNMTs),
of which DNMT1 is a target of an miRNA sponged by H19 as described above. The methyl donor
in this reaction is SAM, which yields S-adenosylhomocysteine (SAH) as a by-product. The SAH
is then a potent inhibitor of the DNMTs. This inhibition can only be relieved by the hydrolysis of
SAH to homocysteine and adenosine and only one enzyme exists that can catalyse this reaction and
relieve the inhibition of DNMTs and that is S-adenosylhomocysteine hydrolase (SAHH). As a critical
regulator of DNA methylation, SAHH is involved in many developmental processes and has been
associated with a number of inherited disorders [47]. This critical activity of SAHH is inhibited by
H19, which binds directly to SAHH [37]. This suggests that H19 may play an important general role in
epigenetic regulation. A further direct binding partner of H19 appears to be the methyl-CpG-binding
domain protein 1 (MBD1), which binds to methylated DNA and recruits histone deacetylase (HDACs)
and histone lysine methyltransferase-containing complexes that, by regulating repressive histone
marks on differentially methylated regions, control chromatin compaction and gene silencing [48].
This enables H19 to have important effects on a number of imprinted genes, including repressing
IGF-II expression [48].

There have been many other reports of H19 interacting proteins affecting a variety of cell
functions [49]. These include the RNA binding protein HUR that has been implicated in the processing
of H19 to miR-675, as described above [24].

3.6. 91H

The complexity of the system was extended in 2008 when it was identified that H19 was also
transcribed in an antisense direction to produce a further non-coding RNA that was termed 91H [50].
The 91H transcript is expressed predominantly from the maternal allele, as with H19, and accumulates
in breast cancer cells due to increased stability. Knock-down indicated that it was involved in
maintaining IGF-II expression in trans on the paternal allele [50,51]. However, in human esophageal
squamous cell carcinoma cells, knockdown of 91H suggested that it inhibited IGF-II expression and
loss of 91H was associated with more aggressive cancers [52]. Other studies have found 91H expression
to be associated with more aggressive cancer phenotypes and, in colorectal cancers, this was attributed
to an interaction between 91H and heterogeneous nuclear ribonucleoprotein K (HNRNK), which is
an RNA-binding protein [52]. Considering that 91H has been studied far less than H19, it would be
surprising if there were not much more to be discovered regarding the potential RNA and protein
binding partners and functions of 91H.

A smaller antisense transcript derived from the H19 locus was also identified and termed H19
opposite tumor suppressor (HOTS) [53]. The identified transcript was found to be expressed more
widely than H19 and is also maternally imprinted, like H19. The transcript associates with polysomes
and encodes for a 150-amino acid peptide. Antibodies raised to this peptide indicated a 17 kDa
monomer, a 34 kDa dimer, and a 29 kDa isoform. The polypeptide localises to the nucleus and
interacts with an enhancer of rudimentary homolog (ERH). Over-expression of HOTS in cancer cell
lines inhibited their growth and HOTS expression was absent in Wilms” tumors that showed loss of
heterozygosity or LOI at IGF-1I/H19 and, thus, appeared to function as a tumor suppressor [53].

3.7. miR-483

In 2005, a further intriguing transcript from the loci was identified with the cloning of miR-483
from human liver [54]. The miRNA is encoded within the IGF-II gene in an intron between exons 7
and 8 of the coding region. A pri-mir-483 encodes two miRNA at either end of the miRNA hairpin and,
on opposite strands, generates miR-483-3p and miR-483-5p. It was shown that miR-483 is co-expressed
with IGF-1I and a positive feedback mechanism was shown to operate with miR-483-5p enhancing
IGF-II expression [55]. During fetal development, IGF-II transcription is driven mainly from the
paternal allele from promoters P2, P3, and P4. However, in the adult liver, IGF-II expression is
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biallelic-driven from promoter P1 (9). The expression of IGF-II, driven by miR-483-5p, is mediated by
miR-483p binding directly with the 5" UTR of P3 and promoting its interaction with the RNA helicase
A (DHX9) [56]. In addition, miR-483 functions as a conventional miRNA and the miRTarBase website
lists 181 gene targets that have, so far, been validated for miR-483-3p and 143 gene targets validated
for miR-483-5p.

3.8. Other Transcripts

3.8.1. The INS/IGF-II Overlapping Region (INSIGF) Read-Through

A further complexity was revealed when a novel transcript was identified, which was composed
of a transcript originating from the insulin promoter and consisted of exons 1 and 2 from the insulin
gene spliced together with exons 2 to 4 of the IGF-II gene. This read-through transcript was termed
INSIGF and a longer transcript was also found that included exons 1 and 2 of the INS gene and exons
2,3,7,8, and 9 of the IGF-II gene. Both of these transcripts were reported to be imprinted in a similar
manner to IGF-II [9]. The shorter transcript appears to be translated into a protein containing the
pre-pro-insulin signal peptide, the 30 amino acids of the INS B-chain, eight amino acids of the INS
C-petide in addition to 138 amino acids coded in the IGF-II gene, and its expression was reported to be
limited to the human fetal pancreas and the eye [9]. Further evidence for the expression of this protein
came with a report that INSIGF was primarily expressed in beta cells in human pancreatic islets [57];
even though there have still been very few studies of the expression or function of these transcripts and
potential peptides in humans. This transcript has, however, also been reported to encode an IncRNA
that was differentially expressed in non-small-cell lung cancer (NSCLC) when compared to adjacent
normal lung tissue and which positively regulated IGF-II expression in NSCLC cells [58].

3.8.2. IGF-II Antisense

In an examination of the transcripts expressed in Wilms’ tumors, it was discovered that
an additional transcript was also derived from the IGF-II gene due to transcription from the
paternal allele on the P1 promoter in the opposite direction, which generates an IGF-II antisense-RNA
(IGF-IIas) [59]. The IGF-Ilas was over-expressed in Wilms’ tumors when compared to neighboring
normal kidney tissues and was also found in a number of other childhood tumors [59]. Unlike a similar
IGF-Ilas identified in mice, the human IGF-Ilas has an open reading frame that could potentially
encode a putative peptide consisting of 273 amino acids [59]. A further implication that IGF-Ilas may
encode a protein came from the report that the IGF-Ilas transcript was found predominantly in the
cytoplasm and associated with polysomes [60]. However, to date, no protein has yet been identified.
There have, however, been a number of reports that IGF-Ilas may function epigenetically as a IncRNA
with effects on cell proliferation and invasion [61], apoptosis [62], and angiogenesis [63]. All of these
reports found that these effects of IGF-Ilas were reversed by increased expression of IGF-II and were
consistent with an effect of IGF-Ilas to suppress IGF-II expression even though no actual mechanism
for this has yet been confirmed.

3.9. IMPs

In addition to miRNA that post-transcriptionally regulate mRNA, generally by silencing or
targeting for mRNA degradation, it is now clear that there are many proteins that interact with
mRNA, which can either destabilise mRNA, cooperate with miRNA to silence mRNA, or they can
have opposing effects by reducing miRNA binding or by stabilising mRNA. A family of three RNA
binding proteins that interact with IGF-II mRNA have been identified and are termed insulin-like
mRNA-binding proteins (IMP1-3) that share around 56% amino acid homology with each other [64].
These were originally described as zip-coding proteins, thought to control the cellular localisation of
mRNA, but are now recognised to regulate not only the localisation but also the stability and translation
of mRNA. It has been shown that IMP2 is phosphorylated by the mTOR complex 1 promoting its
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association with the 5* UTR of IGF-II and enhancing its translation and then also promoting the
ribosomal entry of IGF-II mRNA leading to increased IGF-II protein synthesis [65]. Contrary to the
implication from their nomenclature, the IMPs do not only bind to IGF-II mRNA but also interact with
numerous other different mRNAs affecting the translation of many genes [64].

3.10. GRPY4

Molecular chaperones ensure the correct assembly and folding of proteins and the targeting
of misfolded proteins for degradation. These include a number of endoplasmic reticulum (ER)
stress proteins, including heat shock proteins and glucose-regulated proteins [66]. These proteins
also maintain the integrity of the ER and the mitochondria. Most of the molecular chaperones are
fairly promiscuous and ensure the folding of many client proteins. However, a glucose-regulated
protein, GRP94, was identified as a chaperone for IGF-II [67,68] and only a few other secreted and
membrane proteins. It was shown that GRP94 interacts with pro-IGF-II intermediates in the cell and is
essential for the processing and secretion of IGF-1I [67,68]. The critical role of IGF-II in skeletal muscle
differentiation is also dependent on the activity of GRP94 [68,69]. GRP-94 is also a chaperone for IGF-I
and, recently, a hypomorphic variant of GRP94 was identified in children with short stature and IGF-I
deficiency [70]. GRP94 is glucose-regulated. Its levels increase in response to falling levels of cellular
glucose, which clearly implicates a metabolic function. However, the significance of this to IGF-II
and its role as a metabolic regulator are yet to be clarified. However, it seems clear that GRP94 is
an essential component of the IGF-II system.

3.11. Receptors

3.11.1. Insulin and IGF-I Receptors

As with the homology between the IGFs and proinsulin, their receptors are, likewise, very similar
and are closely related members of the class Il receptor tyrosine kinase family that share both structural
and functional homology [71]. The IGF-IR and insulin (IR) receptors are both translated and the
proteins are then cleaved to yield an extracellular x-subunit and a transmembrane 3-subunit that are
disulphide-linked. These then dimerise to form heterotetrameric mature receptors. The IGF-IR binds
IGF-I and IGF-II with high affinity and has very little affinity for insulin. The insulin receptor exists as
two isoforms, due to alternative mRNA splicing, with the IR-A isoform containing 12 fewer amino acids
in the extracellular C-terminal domain of the x-subunit due to splicing excluding exon 11, whereas
the IR-B isoform has these additional amino acids due to inclusion of exon 11. These extracellular
a-subunits form the ligand binding domain and, hence, the alternative splicing affects ligand specificity.
The IR-B predominantly binds insulin and has a much lower affinity for IGF-I/-II. Hence, this is the
classic insulin receptor. The loss of 12 amino acids from IR-A subtly reduces the specificity and
results in a relative increase in affinity for IGF-II [72]. As a consequence, IGF-II binds IR-A with
an affinity approaching that of insulin, and IR-A also binds pro-insulin with high affinity, in contrast
to the very low affinity for these ligands with IR-B [19,72]. Although IR-A binds insulin and IGF-II
with similar affinities, there is evidence that the binding of each of these ligands activates different
signaling pathways, which results in the differential regulation of gene expression and diverse cellular
responses [73-75]. Stimulation of IR-A by IGF-II has been reported to result in more prolonged
activation of ERK1/2, compared to insulin stimulation [76], and this may contribute to the greater
mitogenic and less metabolic effects reported for IGF-II activation of IR-A [76,77]. In pancreatic islets,
insulin stimulates insulin gene expression via the IR-A, and not the IR-B, but stimulates glucokinase
via the IR-B. These differential effects are due to IR-A and IR-B residing in different lipid raft domains
within the plasma membrane [78,79]. The potential role of IR-A as an IGF-II receptor has important
implications, especially when considering the large differences in the relative abundance of IGF-II and
insulin in the body.
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The a-/3- dimers of the insulin and IGF-IR are so similar that they hetero-dimerise to form hybrid
receptors, both IR-A/IGF-IR and IR-B/IGF-IR hybrids. The relative abundance of these hybrids depends
on the relative expression of each receptor in cells that express both IR and IGF-IR. As a consequence of
the lack of discrimination in dimer formation, the less abundant receptor will be present primarily as
aheterodimer rather than as a homodimer. These heterodimer hybrid receptors appear to predominantly
act as IGF-I receptors [80,81], but there is still much to be learned regarding their physiology.

3.11.2. IGF-II Receptor

There is also a very specific IGF-II receptor (IGF-IIR) that is a single large transmembrane
protein and is structurally and functionally completely different from the other IGF receptors [82,83].
The paternal imprinting of IGF-II is counterbalanced by the maternal imprinting of the IGF-II receptor
gene in the mouse [84], although this does not appear to have been conserved in humans in whom the
expression of this gene does not appear to be imprinted [85]. The IGF-II receptor binds IGF-II with
a very high affinity but is very specific and has very little affinity for IGF-I or insulin. This receptor is
generally considered not to act as a traditional signaling receptor in response to IGF-II binding but
acts as a clearance receptor for IGF-II, internalizing and directing IGF-II to lysosomes for degradation.
Thus, this controls cell exposure to IGF-1I. Consistent with this role was the observation that disruption
of IGF-IIR gene expression in mice resulted in elevated circulating levels of IGF-II and overgrowth [86].
The cellular location of the IGF-IIR is dynamically regulated by insulin in the same manner as insulin
regulates the glucose transporter, GLUT4 [87-89]. These receptors are mainly intracellular but are
rapidly translocated to the cell surface in response to insulin stimulation. This dynamic relocation
of IGF-IIR has been known for more than 30 years but still little is known regarding the physiology.
The dynamic relocation in response to insulin could represent a novel means for metabolic control,
like the dynamic translocation of GLUT4, even though such a metabolic role has yet to be actually
demonstrated. When nutrient abundance triggers pancreatic insulin release, the insulin could result in
internalization of the IGF-IIR, which leads to less IGF-II clearance and, hence, more IGF-II is available
to interact with the IGF-IR and the IR-A, which then compliments the direct actions of insulin itself.
Actual experimental evidence to support this potential role is yet to be obtained. The IGF-II receptors
are, furthermore, clearly multifunctional and have several other functions in addition to being clearance
receptors for IGF-II. Their most well-characterised role is as a mannose 6-phosphate receptor involved
in the targeting of lysosomal enzymes to the lysosomes within the cell [82,90]. These receptors, however,
also bind latent transforming growth factor-p (TGF-p) and enable its activation on the cell surface.
They also bind to retinoids, urokinase-receptors, and many other proteins. Much has still to be learned
regarding the functional consequences of all of these interactions with the IGF-II receptor and their
relation to IGF-II physiology is still unknown [82,83,90].

3.12. IGF Binding Proteins

In humans, whereas insulin circulates in a free unbound state, the IGFs bind with high affinity to
six binding proteins (IGFBP-1 to IGFBP-6). The IGFBPs do not bind to insulin and are unrelated to the
cell-surface receptors but are structurally closely related to each other [91]. The six IGFBPs all have
very distinct functional properties and they are produced in different quantities and combinations in
different tissues [91]. The IGFBPs sequester the IGFs immediately that they are secreted from cells
and considerably slow their clearance. This enables very high concentrations of IGFs to accumulate
in the body. In the circulation, two of the IGFBPs, IGFBP-3 and IGFBP-5, are bound to a further
large glycoprotein, which is known as the acid labile subunit (ALS) and which is present in excess.
This ternary complex is too large to cross capillaries and, hence, is retained in the circulation and
further slows clearance such that, in adult humans, the total IGF-I and IGF-II concentration in the
circulation is around 100 nanomolar. This is around 1000 times higher concentration than that of
insulin and, while insulin levels fluctuate acutely in response to metabolic conditions, the circulating
concentrations of IGFs are very stable due to the very long half-life of these complexes [91]. In the
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tissues, IGF concentrations are less than 20% of that in the circulation [92], which is still a large excess
over that needed for cell regulation.

All of the insulin in the body is secreted from pancreatic islets and, although the IGFs are expressed
in most tissues, the majority of the IGFs present in the circulation originate from the liver where
the production of IGFs and IGFBP-3 are very dependent on the nutritional status [93]. The high,
stable levels of circulating IGFs, therefore, provide a large pool of metabolic regulators that reflect
chronic metabolic status. At the cellular level, optimal activation of the insulin and IGF receptors are
both achieved with just one to two nanomolar concentrations, which indicates that there is a vast
excess of IGFs in the circulation. Hence, while the activity of insulin throughout the body is largely
determined by the rate of secretion from the pancreas, the constitutive secretion of the IGFs within
any tissue is just one of the determinants of the total amount of IGF that the cells are exposed and
the control of IGF-activity is much more complex [5,91]. The IGFs bind to the IGFBPs with affinities
higher than that of the IGF-IR and IR-A receptors, so most of the IGF in the body has restricted
availability for receptor activation. There is considerable evidence that IGFBPs can not only sequester
IGFs away from cell receptors and restrict activity, but that they can also promote activity at the
cellular level via a variety of mechanisms [91] and also enhance delivery of IGFs to specific tissue
compartments [94]. Activity in a tissue is, therefore, not necessarily determined by the secretion rate of
IGFs and not necessarily determined by total IGF concentration [5]. In the circulation, IGFBP-1 levels
undergo a marked circadian variation due to dynamic insulin regulation of its production in the liver.
This appears to provide additional acute control to ensure that IGF-activity is modulated in a manner
that is appropriate to prevailing metabolic conditions [95].

4. Indications for a Role in Diabetes and Obesity

Clearly defined roles have been established for insulin and IGF-I, helped by the large body of
literature documenting big variations in their circulating levels with age, nutrition, and different
physiological and pathological conditions. In contrast, studies of IGF-II levels have found very little
variation in any condition [1]. There have, however, been some indications that serum levels of
IGF-II are related to nutritional status, since levels have been reported to be increased in obesity [96].
The raised IGF-II levels in obesity also appear to be reversible with weight loss [97]. There are many
other different strands of evidence indicating potential roles for IGF-II in human physiology and,
most consistently, these suggest a role for IGF-II as a metabolic regulator.

The systemic consequences of excess production of IGFs due to specific tumors imply that there
are clear distinctions in the pathophysiology of IGF-I and IGF-IL. There are no common tumors that
produce sufficient IGF-I to increase circulating levels, but systemic levels are increased in acromegaly
due to pituitary tumors of the GH-producing cells that result in stimulation of excess hepatic production
of IGF-L. The symptoms of this condition reflect the growth promoting actions of IGF-I; particularly
gigantism if presenting in childhood. In contrast, there is a clinical syndrome associated with
over-production of IGF-II directly from tumors called non-islet cell tumor-induced hypoglycemia.
The systemic symptoms of this condition are not associated with tissue over-growth but with disturbed
metabolism, principally severe episodic hypoglycemia [4]. With its insulin-like activity, IGF-II acts
on the liver to reduce hepatic glucose output and increase glucose storage as glycogen. In muscles,
IGF-II also helps decrease the blood glucose level by facilitating glucose uptake and oxidation and by
stimulating the synthesis of both lipids and proteins [98].

Unlike observational studies, reports of associations of pathologies with genetic variants are
unlikely to indicate confounding or reverse causality and many different genetic studies have
consistently implied a causal role for IGF-II in diabetes. Several cohort studies have found associations
between inter-individual genetic variations in the INS/IGF-II/H19 locus and body weight and
obesity [99-102] as well as with abdominal and visceral fat [103]. In addition, the methylation
status of the IGF-II DMR is associated with body weight and adiposity [104,105]. An intriguing
recent report examined genetic variants in all protein-coding regions that were associated with type 2
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diabetes in people of Latino descent, which is a population that has a very high rate of this disease.
They identified a variant within the IGF-II gene that disrupted the intron 4 to exon 5 splice acceptor
site, which had an allele frequency of 17% in the Mexican population, but which was very rare in
European populations [106]. Heterogeneous Latino carriers of the variant had a 22% decreased risk of
type 2 diabetes and homogeneous carriers had a 40% reduced risk. Lower expression of the variant
was associated with lower HbAlc in patients with type 2 diabetes [106]. This is particularly intriguing
since the alternative splicing would only be predicted to affect transcripts derived from promoter 2.
However, current data indicates that such transcripts are minimally expressed in human tissues [6].

That these genetic variants have functional consequences is supported by reports that circulating
IGF-II concentrations are also associated with weight, the waist-hip ratio, and weight-gain [107-109].
Furthermore, high in utero expression of the paternal IGF-II allele may be related to fat deposition
postnatally in the offspring [107], and the level of IGF-II methylation at birth may contribute to the
development of obesity and weight gain in early childhood [107]. The decline in circulating IGF-II
levels in mid-life is also associated with adiposity in early old age [110], which, again, implies that
IGF-II has a role in subsequent fat disposition.

A clinical case with a chromosomal breakpoint upstream of the IGF-II gene, separating the gene
from some of its telomeric enhancers, has been reported to result in intra-uterine growth retardation
(consistent with the recognised role of IGF-1I in fetal development) but also resulted in the development
of atypical early type 2 diabetes that was associated with insulin resistance and a marked increase in
abdominal adiposity [111]. This case would also be consistent with an important role for IGF-II in
metabolic regulation and especially adiposity and insulin resistance.

4.1. Preptin

Serum levels of preptin (derived from pro-IGF-II) are increased in obese individuals [112] and in
subjects with type 2 diabetes [113]. These studies would be consistent with the co-secretion of preptin
with insulin from pancreatic 3-cells and the ability of preptin to enhance insulin secretion [18,114].
This may contribute to the hyperinsulinemia associated with type 2 diabetes.

4.2. miR-483

In two recent studies of subjects with type 2 diabetes, circulating levels of miR-483-5p were found
to correlate with fasting insulin levels, HbAlc, and a measure of insulin-sensitivity [115] as well as
with fasting insulin levels and body mass index (BMI) [116].

4.3. H19

Genetic variance in the H19 gene is related to the risk of type 2 diabetes with bioinformatics
suggesting that the relevant polymorphisms would affect H19-miRNA interactions [117].

4.4. IMPs

Genome-wide association studies have also consistently found associations between the risk of
type 2 diabetes and a polymorphism in the IMP2 gene [118-120]. This polymorphism has also been
associated with fasting insulin levels and measures of impaired beta-cell function [121]. Consistent
with a role for IMP2 in the regulation of adiposity, silencing of IMP2 expression resulted in slightly
smaller mice but these mice were then relatively resistant to obesity when fed a high-fat diet (126).
These links between IMP2, type 2 diabetes, and obesity may not be mediated via altered translation of
IGF-II since, like most RNA-binding proteins, the IMPs bind to many other different mRNA.
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4.5. IGFBPs

Serum levels of IGFBP-2 have consistently been associated with measures of fat mass, central
adiposity, and insulin-resistance [108] as well as with the metabolic syndrome and cardiovascular risk
factors [122].

4.6. Receptors

Abnormal circulating levels of an extracellular domain shed from the IGF-II receptor have been
observed in patients with obesity and type 2 diabetes [123].

Changes in insulin receptor isoform expression are associated with metabolic pathologies,
with IR-A expressed to a higher degree than IR-B in liver [124] of diabetic monkeys. This would imply
that these metabolic tissues become more IGF-II responsiveness in perturbed metabolic conditions.
Early reports of insulin receptor isoforms in humans were inconsistent likely due to methodological
issues. With improved tools/technology, more recent studies have been consistent and all indicate
that metabolic tissues become more IGF-II responsive with the development of insulin resistance
and metabolic dysregulation. In a study of IR isoforms in subcutaneous adipose tissue, a high BMI
was associated with an increase in the IR-A/IR-B ratio and the ratio correlated with fasting insulin
levels [125]. Furthermore, weight loss induced by a low-calorie diet or bariatric surgery resulted in
a relative increase in IR-B [125]. Similarly, a study found that the IR-A/IR-B ratio was increased in liver
samples from obese subjects with type 2 diabetes compared to those with normal glucose tolerance
and, following bariatric surgery, the ratio normalized due to a reduction in the IR-A isoform in the
individuals whose diabetes was resolved [126]. In addition, an impaired insulin response in patients
with myotonic dystrophy patients is associated with a lower level of IR-B in muscle tissue [127,128].

5. Metabolic Effects of Components of the IGF-II Locus

There are many reported metabolic effects of the different components produced from the IGF-II
locus (Figure 2) that could help explain how the locus is involved in diabetes and obesity, as described
above. Many actions appear to be due to a coordinated regulation between mRNA, IncRNA, microRNA,
and proteins. The integration of these will need considerably more work to completely unravel.
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Figure 2. Metabolic effects of components of the Ins/Igf2/H19 cluster genes.

5.1. IGF-II

In terms of abundance within the body, IGF-1l is, by far, the most prevalent insulin-like peptide
present throughout an entire human life. This is not the case in rodents. One of the routes through
which IGF-II was independently discovered was due to its “insulin-like” activity. Using an adipose
tissue assay measuring stimulation of glucose uptake and very specific insulin-antibodies to deplete all
of the insulin present in serum, they found that 93% of the insulin-like activity was not due to insulin but
due to another peptide that they termed non-suppressible insulin-like activity (NSILA) [129]. This was,
subsequently, renamed IGF-II when structural characterization revealed considerable homology to
pro-insulin [130]. For many years, it was thought that IGF-I and IGF-II activate the same cell surface
IGF-I receptor but the clear distinctions in their physiology raised puzzling questions. The distinction



Cells 2019, 8, 1207 13 of 32

between the two IGFs is most clear in early development. IGF-II plays a very important role in fetal and
early neonatal growth and development. This role appears to be conserved in humans very similarly
to that defined in rodent models. In utero, IGF-II has an important role in the control of nutrient
partitioning in the placenta and fetus [131]. In rodents, there is a clear switch at weaning when the
expression of IGF-II throughout the body virtually ceases and there is a clear end to its major systemic
developmental role. In humans, and other higher mammals, this developmental switch does not occur,
and IGF-II remains the most prevalent IGF throughout life. The evidence outlined above implies that
the maintained high levels of IGF-II play an important metabolic role. The evidence that IGF-II is
an effective activator of IR-A provides the mechanism whereby IGF-II could act on metabolic tissues
that is distinct from IGF-I. A consideration, of the relative abundance of INS/IGF-I/IGF-II and the tissue
distribution of the different receptors, implies that, during normal fasting conditions, IGF-II would be
the predominant activator of IR-A and only in the post-prandial state would insulin activate both IR-A
and IR-B [19].

In addition to its expected insulin-like activity, IGF-II could have important metabolic actions
via its role in the development and maintenance of important metabolic tissues. It has been
recognized for a long time that the INS/IGF-system is essential for the development of adipocytes [132].
The proliferation of preadipocytes is stimulated by IGF-I [133,134] and the presence of insulin-like
stimulation is essential for the differentiation of preadipocytes into mature adipocytes [135]. In mature
human adipocytes, IGF-II has the expected insulin-like actions and stimulates glucose uptake. However,
IGF-II stimulates this with lower potency than insulin, but this has to be interpreted in the context of
the relative abundance of these peptides in the body [136]. In humans, there is a marked functional
distinction between adipocytes in different anatomical regions with visceral adipocytes being much
more closely associated with metabolic syndrome, type 2 diabetes, and cardiovascular risk [137].
There is accumulating evidence that IGF-II has a specific role in this differential role of adipose tissue
depots. Although visceral adipocytes are considered to be less insulin responsive, they express higher
levels of the insulin receptor (IR), but this increase is entirely due to the IR-A isoform [132]. In addition,
primary cultures of visceral adipocytes, when compared to subcutaneous sections, have increased
GLUT4 levels and greater insulin-stimulated glucose uptake [138,139]. A depot-specific effect of IGF-II
has also been reported with IGF-II reducing the differentiation of preadipocytes from visceral adipose
tissue but stimulating that of subcutaneous adipocytes [140]. This was accompanied by an IGF-II
induced decrease in GLUT4 and in IR-A in the visceral adipocytes [140].

The other major insulin-responsive metabolic tissue is skeletal muscle and there is even more
evidence that IGF-II plays an essential role in the development and maintenance of skeletal muscle
mass. The differentiation of stem cells into post-mitotic myotubes is potently stimulated by IGF-II [141].
The key myogenic transcription factor stimulates autocrine production of IGF-II [142] and the IGF-II
then works with MyoD in an amplification cascade to promote muscle differentiation [143]. In mature
skeletal muscle, IGF-II again has the same insulin-like effect and stimulates glucose uptake [144].

The important role that IGF-II plays in placental function [131] may also have implications
for metabolic disorders. Although there appears to be little transfer of insulin across the placenta,
the transfer of IGF-1I/H19 locus products has yet to be determined [145]. The effects of such products on
the placenta, or placental transfer, may be relevant to the fetal macrosomia associated with diabetes in
the mother or gestational diabetes. A recent report indicates that miR-483-3p contributes to macrosomia
via effects on trophoblasts [146]. Altered fetal growth following assisted reproductive technology (ART)
has also been attributed to the high maternal estradiol, induced by ART, which increases placental
IGF-II via an epigenetic effect [147].

5.2. Preptin

Preptin was originally isolated from the secretory granules of pancreatic islet 3-cells and is
co-secreted with insulin [18,114]. Preptin also acts on pancreatic 3-cells to enhance the glucose-mediated
insulin secretion [18,114], but the relation of this activity to IGF-II physiology is yet to be determined.
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5.3. miR-483

In contrast to the effect of IGF-II, which promotes the formation and maintenance of adipose tissue
and skeletal muscle, the miRNA embedded within the IGF-II gene, miR-483, inhibits the proliferation
and differentiation of bovine skeletal myoblasts [148] and murine adipocytes [149]. Furthermore,
miR-483 levels in adult rats and humans are programmed by early life nutritional exposures [149].
In contrast, miR-483 promotes the differentiation of human adipocytes and miR-483 expression in
adipose tissue is raised in subjects with multiple symmetric lipomatosis [150]. This is also consistent
with the report that miR-483 levels are correlated with BMI [116].

5.4. H19

In addition to the data showing an association with genetic variance implying that H19 plays
a role in diabetes [117], a screen of RNA expression in livers from diabetic mice revealed that H19
was the most altered IncRNA [151,152]. The expression of H19 correlated with that of gluconeogenic
enzymes and silencing H19 resulted in an increase in their expression implying that H19 was a key
regulator of hepatic gluconeogenesis in diabetes [152]. Further work from this group indicated that H19
regulated the transcription of FoxO1, which is an important transcription factor involved in regulating
gluconeogenic enzymes [40]. Other work indicated that H19 contributed to the gluconeogenesis
observed in diabetes by altering the methylation of hepatocyte nuclear factor 4a (HNF4a), which is
another critical transcription factor that regulates key enzymes involved in gluconeogenesis [153].
In addition to its role in hepatic gluconeogenesis, there have also been reports that H19 plays an
important role in the alterations of skeletal muscle insulin sensitivity observed in type 2 diabetes,
potentially by targeting the key cell energy regulator 5" adenosine monophosphate-activated protein
kinase (AMPK) [154].

An important metabolic role for H19 could also be mediated by its function as an miRNA decoy.
As such, H19 appears to be a critical regulator of let-7, that plays a pivotal role in regulating glucose
metabolism and metabolic programming. As mentioned earlier, both the IR and the IGF-IR are targets
for let-7 repression [33,35,155]. Metformin is the most commonly used drug used to treat type 2
diabetes. Metformin upregulates let-7 which then leads to repression of H19 and activation of SAHH
and, as a consequence, widespread changes in DNA-methylation [34].

The H19/let-7 double-negative feedback loop appears to play an important role in regulating
skeletal muscle development and insulin sensitivity. The differentiation of skeletal muscle is enhanced
by depletion of H19, which increases the availability of let-7 [32]. In humans, the abundance of H19
was significantly decreased in the skeletal muscle of subjects with type 2 diabetes. This increased the
availability of let-7 [33]. In rodent models, acute hyperinsulinemia downregulated H19 and this was
due to increased production of let-7 resulting in H19 destabilisation [33]. In a high-fat diet model of
obesity in mice, insulin resistance in the muscle was associated with a decrease in H19, an increase in
let-7, and a decrease in two let-7 targets: the IR and lipoprotein lipase. Furthermore, H19 depletion in
muscle cells within a culture resulted in impaired insulin sensitivity [33].

5.5. miR-675

There have been reports that miR-675, derived from H19, has effects on the formation of both
adipose tissue and skeletal muscle, like miR-483. In murine models, miR-675 promoted skeletal muscle
differentiation and regeneration [156]. In contrast, miR-675 levels in skeletal muscle were associated
with a loss of muscle mass in patients with chronic obstructive pulmonary disease [157]. In vascular
smooth muscle, miR-675 was associated with the proliferation and PTEN was shown to be a target
of miR-675 [27]. Since PTEN is a key negative regulator of the PI3K/Akt pathway, which mediates
the metabolic actions of insulin/IGFs; then, if miR-675 targets PTEN in other tissues, it could play
an important role in metabolic regulation. In cardiomyocytes, miR-675 was found to target peroxisome
proliferator-activated receptor-oc (PPAR«x) [158]. Since PPAR« is a ligand-activated transcription
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factor that regulates carbohydrate, lipid, and amino acid metabolism [159], then miR-675 could play
an additional important metabolic role if it regulates PPAR« in other tissues. The differentiation of
mesenchymal stem cells into adipocytes is inhibited by miR-675 with histone deacetylases (HDAC)
4-6 being identified as targets for miR-675 [30]. In contrast, miR-675 was found to be consistently
increased in a screen of miRNA that were altered during adipocyte differentiation from mesenchymal
stem cells [160].

5.6. IMPs

In addition to affecting IGF-II expression, the links between IMP2 and diabetes could be due to
many other potential effects of IMP2. One clearly relevant action is that IMP2 protects mRNA from
let-7-dependent silencing of gene targets by binding to the mRNA at the corresponding let-7-binding
site and preventing let-7 mediated target mRNA degradation [64]. As described above, let-7 targets
several genes that play important roles in insulin/IGF signaling and glucose metabolism.

5.7. Receptors

The most important recent developments regarding receptors, which are relevant to the metabolic
activity of IGF-II, have been related to the insulin receptor isoforms. Although IR-A has generally
been reported to confer more of a mitogenic response, compared to the metabolic response elicited
by activation of IR-B, the most important implication is that the expression of IR-A enables cells to
be more IGF-II responsive, especially when considering the relative abundance of IGF-II compared
to insulin within the body [19]. There have also been some other interesting observations regarding
specific metabolic actions of IR-A. Immortalized neonatal hepatocytes with silenced insulin receptors
were transfected to express either IGF-IR, IR-A, or IR-B and glucose uptake was examined. Silencing
IR reduced glucose uptake and this was restored by either the IGF-IR or IR-A, but not by IR-B.
This was shown to be due to IGF-IR and IR-A being able to associate with GLUT1 or GLUT2 and act as
co-transporters to enhance basal glucose uptake [151,161]. Over-expression of IR-A specifically in the
liver was also shown to be more effective than IR-B in ameliorating glucose intolerance in a mouse
model of type 2 diabetes [162]. The significance of these findings to the role of IR-A and IGF-II in
humans in relation to other tissues and in other stages of development are all yet to be investigated.

6. Role of IGF-II in Pancreatic Islet Function

The -cells of the pancreas are the sole site of expression of insulin and play an essential role
in maintaining glucose homeostasis in humans and (3-cell failure leads to diabetes. Autoimmune
destruction of p-cells leads to type 1 diabetes, whereas failure of the p-cells to compensate with
an increase in insulin secretion in the face of rising glucose levels leads to type 2 diabetes. Maintaining
[3-cell mass is, therefore, central to metabolic control and there is considerable evidence that the IGF-II
locus plays an important role in this. In a study, performing deep RNA sequencing of purified 3-cells
from 11 individuals, the most highly expressed transcript was INS but the second and third most
highly expressed were the INSIGF read-through transcript and IGF-II. These represent 38%, 10%,
and 2% of the (3-cell transcriptome, respectively [163]. In early development and in response to stress,
IGF-II plays an important role as a 3-cell survival factor [164]. The proliferation and maintenance of
-cells are also regulated by the gluco-incretin hormones known as glucose-dependent insulinotropic
polypeptide (GIP) and glucagon-like peptide 1 (GLP-1). Selective silencing of 3-cell expression of IGF-II
or immuno-neutralising IGF-II secreted from (3-cells indicated that the effects of the gluco-incretin
hormones were mediated via an autocrine IGF-II loop [165]. In these experimental paradigms,
the glucose-stimulated insulin secretion from the (3-cells was also markedly suppressed, which implies
that this IGF-II autocrine loop plays an important role in pancreatic insulin secretion [165]. It has been
reported that insulin promotes insulin transcription via activation of IR-A and promotes (3-glucokinase
transcription through activation of IR-B [78]. This would imply that insulin transcription would be
particularly IGF-II responsive. In addition, the presence of IR-A on [3-cells enhances their proliferative
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response to IGF-I and enhanced glucose uptake, potentially via a direct interaction between IR-A
and the glucose transporters GLUT1 and GLUT2. Yet, the effects of IGF-II were not examined in this
model [151]. In early type 2 diabetes, the pancreas compensates to maintain glucose homeostasis
as insulin-resistance develops. This is associated with a large increase in 3-cell mass and studies in
mice, with 3-cell-specific knock-out of IGF-II indicating that IGF-II contributes around 30% to this
-cell expansion [166]. In contrast, over-expression of IGF-1I specifically in 3-cells resulted in (3-cell
de-differentiation and endoplasmic reticulum stress as well as increased the susceptibility of mice to
diabetes [167]. This indicates that too much IGF-II expression in 3-cells may predispose them to the
onset of diabetes [167].

Using rodent models, it has been reported that H19 has a role in regulating (3-cell mass, but not
insulin secretion, via its ability to sequester let-7, which results in a de-repression of let-7 target genes
and activation of the PI3K/Akt pathway [168]. Pancreatic 3-cell function may also be affected by
preptin, which enhances insulin secretion [18].

A study that profiled 553 miRNA, to identify those that were differentially expressed between
pancreatic islet insulin-secreting (-cells and glucagon-secreting o-cells, found that one of the
most differentially expressed miRNA in 3-cells was miR-483, derived from the IGF-II gene [169].
Over-expression of miR-483 in [3-cells resulted in increased insulin transcription and secretion and
protected (3-cells from cytokine-induced apoptosis. Whereas, over-expression of miR-483 in o-cells
decreased the transcription and secretion of glucagon [169]. In addition, the expression of miR-483
was found to be raised in islets taken from prediabetic db/db mice (a model of obesity, diabetes,
and dyslipidemia) with expanded f3-cell mass implying that miR-483 may play an important role in
pancreatic compensation during the development of diabetes [169].

7. IGF-II Locus and Cancer

The IGF-II locus also plays a very important role in the development of numerous cancers and,
in many ways, this mirrors the critical role that IGF-II/H19 plays in early embryonic development.
The concept that cancer cells may be embryonic rests was proposed back in the 19™ century [170].
More recently, this concept has resurfaced in a modified form with new developments in our
understanding of stem cells and cell differentiation plasticity. It has become apparent that there
are patterns of cell behavior that are programmed within all cells, but many of these are normally
only expressed during embryogenesis or wound healing. These same processes can, however,
be inappropriately reactivated in neoplastic cells, either in response to cell stress or as the cell reverts
back in terms of a differentiation status [171-173]. A critical remaining question is whether the changes
observed in IGF-II/H19 are a consequence of the genetic/epigenetic alterations that occur in neoplastic
cells or whether epigenetic alteration in IGF-II/H19 predisposes tissues to the development of cancer.
The common occurrence of LOI in Wilms’ tumors and other childhood malignancies implies that,
atleast in these cases, the epigenetic alteration in IGF-1I leads to a predisposition for these cancers [7,174].
The other issue that suggests that the IGF-II/H19 might be fundamental to many cancers relates to
the ancient metabolic role that this locus appears to serve. The importance of metabolism to the
development of cancers was a central theme of cancer research in the early 20th century and was
re-discovered and belatedly added to the “hallmarks of cancer’ earlier in this century [175].

There have been many recent reviews of the role of IGF-II in cancer [174,176,177] and, therefore,
we will only make limited comments and also discuss other products of the IGF-II locus.

7.1. IGF-II

LOI of IGF-II was first identified in Wilms’ tumors [178] and childhood tumors associated with the
over-growth condition Beckwith-Weidemann syndrome [179]. LOI has, subsequently, been observed
in many different cancers, including Ewing sarcoma, rhabdomyosacrcoma, clear cell sarcoma, renal cell
sarcoma, hepatoblastoma, glioma, testicular, colorectal, gastric, esophageal, laryngeal, pancreatic,
bladder, breast, prostate, testicular germ cell, and gynecological cancers with varying frequencies in
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different series, but often as high as 40% to 70% [180]. In addition, there have been reports of loss of
heterozygosity for IGF-II, H19, CTCF, and the IGF-IIR [181], which indicates that many epigenetic
alterations to the locus are common in cancers. It should, however, be born in mind that, as mentioned
earlier, LOI of IGF-II has been found in around 20% of normal healthy neonates [16,17]. The loss of the
IGF-II imprint has also been reported to extend into adjacent normal tissue and not simply be confined
to tumor tissue, at least for colorectal [182,183], laryngeal [181], and prostate cancers [184]. The LOI of
IGF-II in normal prostate tissue was found to increase with age in mouse and humans and this was
more extensive in men with prostate cancer and, in mice, the age-related effect was associated with
a decrease in CTCF levels and its binding to the IGF-II/H19 ICR [185]. These findings could either imply
that a defect in the tumor is transmitted in a ‘field effect’ to the surrounding normal tissue or, more likely,
that an epigenetic defect in the tissue predisposes it to the development of a cancer. This would be
consistent with the changing concepts emerging from the explosion of new genetic data. It is now clear
that mutations accumulate in normal epithelial cells with age and that potentially neoplastic cells are
prevalent throughout such continually renewing epithelial tissues. However, although mutations are
necessary for neoplastic transformation, they are not sufficient for the development of a cancer [186].
In addition to the neoplastic cell, or ‘seed,” the local internal milieu, or ‘soil’, has to be fertile for
a cancer to develop and an increase in IGF-II could provide the metabolic/mitogenic/survival stimulus
that enables this. This concept is supported by the finding that, in a mouse model with increased
expression of IGF-II, created by crossing mice with an Apc mutation (that predisposes to colorectal
cancer) with mice in which the ICR upstream of H19 had been deleted (resulting in biallelic expression
of IGF-II). These mice developed twice as many tumors and also manifest less differentiated normal
colonic epithelium [187]. In a similar model, using mice with mutations in the CTCF-binding site at the
IGF-II/H19 ICR, that prevented CTCF binding, biallelic IGF-II expression was observed and there was an
increase in the prevalence and severity of prostatic intra-epithelial neoplasia [188]. In human screening
colonoscopy studies, IGF-II LOI was associated with an increase in expression of IGF-II, a family
history of colorectal cancer, and an increased risk of development of a colorectal adenoma [189,190].
These would be consistent with IGF-II LOI predisposing tissues to neoplastic development.

In contrast to the many epigenetic alterations affecting IGF-II commonly found in cancers, actual
genetic mutations in IGF-II appear to be relatively rare with 149 mutations in 24 different cancers listed
in the Cancer Genome Atlas (https://portal.gdc.cancer.gov/), with a prevalence ranging from 7% in
uterine endometrial carcinomas to less than 0.5% in most of the common cancers [6]. The significance
of these mutations in relation to IGF-II physiology or to cancer biology has yet to be determined.

The other emerging theme regarding IGF-II and cancer relates to its developmental role.
When normal tissue stem cells undergo malignant transformation to form cancer stem cells, they acquire
more differentiation plasticity, such as in fetal life when the IGF-II/H19 locus is a key regulator. As these
cells differentiate these regulators may then activate progression through epithelial to mesenchymal
transition (EMT) promoting tumor invasion and metastasis. The stem-cell-origin-of-cancer hypothesis
postulates that mutations accumulate throughout life in normal tissues in the self-renewing stem cells
and not in the mature differentiated somatic cells. Hence, these are the cells from which cancers originate.
The malignant phenotype of increased growth, survival, and invasion can be explained as reactivation
of inherent developmental programs within cells that are then hijacked to support tumor development.
The reactivation could be via epigenetic means that reactivate the IGF-II/H19 locus. The evidence
that IGF-II supports and promotes cancer stem cells has been extensively reviewed [19,180,191,192].
This evidence suggests that oncogenic transformation activates an autocrine feedback loop mediated
via IGF-1I, potentially via an epigenetic mechanism, and that this activates pluripotency factors such
as Oct-4, SOX2, and Nanog and works with Wnt/B-catenin, Notch, and Sonic hedgehog pathways to
maintain and regulate cancer stem cells. This evidence also indicates that activation of the IGF-II locus
may promote EMT [191] that could then facilitate tumor invasion and metastasis. This is consistent
with reports that IGF-II is associated with progression and prognosis [193-196]. A further implication
of the reactivated developmental program is related to the splice variant of the insulin receptor,
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IR-A, which was originally reported to be highly expressed in fetal and cancer cells [77]. There is
now considerable evidence that IR-A is highly expressed in many different cancers [19]. This would
render the cancer cells more responsive to IGF-II and this appears to support increased proliferation,
differentiation, plasticity, and metabolism [19]. The metabolic effects of IGF-II via IR-A may support
the increased energy demands of the tumor, potentially via the ability of IR-A to act as a co-transporter
with GLUT1 or GLUT?2 to enhance basal glucose uptake [151,161].

7.2. Other Components of the IGF-II/H19 Locus

As described above, the IGF-II/H19 locus appears to be an evolutionary conserved and integrated
functional unit with a fundamental role in development and metabolic control. If oncogenic
transformation involves a reactivation of an inherent developmental program, then it would be
expected that the entire IGF-II/H19 functional unit would be involved in the development of cancer.
The emerging evidence suggests that this is the case. For each of the components, there have been
increasing reports of their involvement in many different cancers (Figure 3) [29,38,45,49,51,52,197-215],
but how all of the components of the genetic locus are integrated together in the development of
cancers will require considerably more investigation to unravel.

Gene _ﬂ 4= {; g ﬁi
|_> hPO-hP4
[ H1o
i &

mRNA f =
InRNA = Glioma (38) *  Breast cancer (51)
* Oral squamous cell »  Colorectal cancer (197)
‘oliferati carcinoma (206)
= Bladder cancer (201)
*  Colorectal cancer (198)
*  Oral squamous cell carcinoma (211) = Breast cancer (51)
Migration, " Lungcancer(202) *  Colorectal cancer (197)
invasion & " Gastric cancer (199)
EMT  ° Remalcancer 214)
- ®  Bladder cancer (45) * Esophageal cancer (52) §,
*  Colorectal cancer (29)
*  Lung cancer (208)
Chemoresistance * Breast cancer (205)
* Ovarian cancer (212)
Y —
miRNA miR-483 miR-675
Overexpression " Pancreatic cancer (215) Proliferation '. i?{“l'ec‘ﬂICﬂl\fT;(EWl * Melanoma (200)
% P = Adrenal cancer (203) G‘;e”a"f;::' )
Peptide f 6 IGF-1I * Glioma (204
P ® Colorectal cancer (29)
Migration, = Breast cancer (207)
invasion & = Esophageal cancer (213)
EMT = Ovarian cancer (202)

Figure 3. Oncogenic effects of other key components of INS/IGF-II/H19 cluster genes.

There have yet to be many studies of miR-483, embedded within the IGF-II gene, even though
reports are beginning to appear [203] with miR-483 being identified as an epigenetic modulator of IGF-II
imprinting within tumors [216]. There have also been a few reports suggesting that the IGF-1I antisense
transcript may act as a tumor suppressor for cancers including prostate [61]. In contrast, there have
been many studies regarding H19 and cancer. This includes its altered expression and potential role in
cancer initiation, EMT, progression, and metastasis. These reports have been extensively reviewed
recently [217-219]. There have been fewer investigations to date regarding the role of the antisense
transcript 91H in cancers. Yet, the shorter translated transcript that produces HOTS was identified and
reported to act as a tumor suppressor [53]. In relation to miR675, derived from H19, there have been
reports of both positive [209] and negative [200] effects on tumor growth, progression, and invasion.
There has also been a recent interesting report that miR675 can promote malignant transformation of
mesenchymal stem cells by blocking DNA mismatch repair [220].
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The IMPs, IGF-II-mRNA binding proteins, have been heavily implicated in several cancers and
again may provide a link between normal development and cancer stem cell maintenance as previously
reviewed [64]. It is still not clear, however, whether the activity of IMPs is completely dependent
on IGF-II physiology since they have many other interesting actions, including a recent report that
they destabilize progesterone receptors in breast cancer cells [221]. Similarly, the IGF-II molecular
chaperone, GRP94, has been implicated in the proliferation, survival, invasion, and metastasis of
cancers, as reviewed previously [222,223]. Yet, again, the extent that these roles involve IGF-Il is yet to
be clarified.

8. Hypothesis: A Fundamental Metabolic Role for IGF-II

Throughout most of their evolution, mammals were grazing eaters and their activity was dependent
on continued consumption of energy supplies. In lower mammals, such as rodents, IGF-II played
an essential role in early development when the fetus or neonate had a 24-h energy supply from the
placenta or from the mammary glands. After weaning, when food ingestion was established, but in
a grazing pattern, IGF-II is no longer generally expressed, and the pancreas becomes established as the
primary metabolic regulator, with nutrients absorbed in the gut stimulating pancreatic insulin secretion.
Higher mammals, including humans, have adopted intermittent feeding patterns, with protracted
long periods between meals. This eventually allows humans to use these prolonged time periods
constructively. In the post-prandial state, the pancreas is still the dominant metabolic regulator and, in
grazing-eaters, they are mainly in the post-prandial state continuously. However, for most of their
evolution, humans were only in the post-prandial state for very short periods. During the prolonged
periods between meals, when there is little stimulation of the pancreatic islets, there may still be
times of physical activity and other activity needing redistribution of nutrients and there may still
be requirements for insulin-like regulation. We suggest that, with its much more complex regulation,
the IGF-II/H19 locus has evolved to fill this role and act as a more general metabolic regulator with
the capacity for considerable fine-tuning at the tissue level depending on context. When intermittent
feeding patterns evolved, there was also the development of a specialized function for visceral adipose
tissue due to its anatomical location, with venous drainage via the portal system, which could provide
a supply of energy to the liver when required during the long periods between meals. As described
above, the evidence suggests that IGF-II may act on visceral adipocytes, via the IR-A, to enable this
specialized function, distinct from that of subcutaneous adipose tissue. This could help explain why
depot-specific differences in adipocytes are much more pronounced in humans (in whom very high
IGF-II levels are maintained throughout adulthood) when compared to rodents (in which IGF-II levels
are minimal after weaning) [224].

The distribution of body fat has greater significance for the development of obesity-related
morbidities than the simple extent of fat accumulation. Although the vast majority of fat is held
in subcutaneous adipose tissue, visceral adiposity is more closely associated with the development
of metabolic syndrome, type II diabetes mellitus, and cardiovascular disease [137]. Liposuction,
which involves the removal of a large proportion of subcutaneous fat, has little effect on insulin
sensitivity [225], whereas removal of visceral fat by omentectomy significantly improves insulin
sensitivity independent of changes in total body weight [226]. The visceral adipocytes have a specialized
function. They are more metabolically active and rapidly release nutrients during conditions of stress,
which directly provide free fatty acids as substrates for hepatic glucose production and lipoprotein
metabolism. This evolved specialist function for the IGF-II/H19 locus, to provide alternative metabolic
fuel during prolonged periods between meals and at times of stress, may, however, be maladaptive
during times of prolonged positive energy balance, which, throughout most of the evolution, would have
been extremely rare. A western lifestyle with regular snacks and energy-dense foods, however, results
in humans being in a postprandial state for 16-18 h per day [227] and, hence, a prolonged positive
energy balance.
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With neoplastic transformation, the reactivation of inherent developmental programs could lead to
the cancer cells hijacking the developmental role of IGF-II/H19, which then operates with the inherent
metabolic role to promote cancer progression. As in fetal development, the tumor has continuous
metabolic demands and reactivation of the IGF-II/H19 locus could help satisfy these requirements,
as it does in early life. Most of the components of the locus have been implicated in various cancers,
but how IGF-1II, preptin, HOTS, H19, 91H, miR-483, miR-675, IMPs, and the other components are
integrated both during early development and in carcinogenesis will require considerably more work
to elucidate. With the microRNA having dozens of potential gene targets and the IncRNA having even
more potential interactions with proteins and many microRNA, each with their own multiple gene
targets, an integrated picture of how the whole locus operates as a functional unit will require new
approaches for understanding such an integration of multiple related regulators.

Author Contributions: All authors contributed to the writing, reviewing, and editing of this review.
Funding: This work received no external funding.

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

References

1.  Holly, ].M. The IGF-II enigma. Growth Horm. Igf. Res. 1998, 8, 183-184. [CrossRef]

De Meyts, P. Insulin and its receptor: Structure, function and evolution. Bioessays 2004, 26, 1351-1362.
[CrossRef] [PubMed]

3. Salmon, W.D.,, Jr.; Daughaday, W.H. A hormonally controlled serum factor which stimulates sulfate
incorporation by cartilage in vitro. J. Lab. Clin. Med. 1957, 49, 825-836. [PubMed]

4.  Cotterill, AM.; Holly, ].M.; Davies, S.C.; Coulson, V.J.; Price, P.A.; Wass, ].A. The insulin-like growth factors
and their binding proteins in a case of non-islet-cell tumour-associated hypoglycaemia. J. Endocrinol. 1991,
131, 303-311. [CrossRef]

5. Holly, J.M.; Perks, C.M. Insulin-like growth factor physiology: What we have learned from human studies.
Endocrinol. Metab. Clin. North. Am. 2012, 41, 249-263. [CrossRef]

6.  Rotwein, P. The complex genetics of human insulin-like growth factor 2 are not reflected in public databases.
J. Biol. Chem. 2018, 293, 4324-4333. [CrossRef]

7. Ratajczak, M.Z. Igf2-H19, an imprinted tandem gene, is an important regulator of embryonic development,
a guardian of proliferation of adult pluripotent stem cells, a regulator of longevity, and a ‘passkey’ to
cancerogenesis. Folia Histochem. Cytobiol. 2012, 50, 171-179. [CrossRef]

8.  Reik, W.; Constancia, M.; Dean, W.; Davies, K.; Bowden, L.; Murrell, A.; Feil, R.; Walter, J.; Kelsey, G.
Igf2 imprinting in development and disease. Int. J. Dev. Biol. 2000, 44, 145-150.

9. Monk, D.; Sanches, R.; Arnaud, P.; Apostolidou, S.; Hills, EA.; Abu-Amero, S.; Murrell, A ; Friess, H.; Reik, W.;
Stanier, P; et al. Imprinting of IGF2 PO transcript and novel alternatively spliced INS-IGF2 isoforms show
differences between mouse and human. Hum. Mol Genet. 2006, 15, 1259-1269. [CrossRef]

10. Li, T; Hu, J.E; Qiu, X,; Ling, J.; Chen, H.; Wang, S.; Hou, A.; Vu, TH.; Hoffman, A.R. CTCF regulates allelic
expression of Igf2 by orchestrating a promoter-polycomb repressive complex 2 intrachromosomal loop. Mol.
Cell Biol. 2008, 28, 6473—-6482. [CrossRef]

11. Murrell, A.;; Heeson, S.; Reik, W. Interaction between differentially methylated regions partitions the
imprinted genes Igf2 and H19 into parent-specific chromatin loops. Nat. Genet. 2004, 36, 889-893. [CrossRef]
[PubMed]

12. Qiu, X,; Vu, TH,; Lu, Q; Ling, J.Q.; Li, T.; Hou, A.; Wang, S.K.; Chen, H.L.; Hu, J.F;; Hoffman, A.R. A complex
deoxyribonucleic acid looping configuration associated with the silencing of the maternal Igf2 allele. Mol.
Endocrinol. 2008, 22, 1476-1488. [CrossRef]

13.  Zhang, H.; Niu, B,; Hu, ]J.F; Ge, S.; Wang, H.; Li, T,; Ling, J.; Steelman, B.N.; Qian, G.; Hoffman, A.R.
Interruption of intrachromosomal looping by CCCTC binding factor decoy proteins abrogates genomic
imprinting of human insulin-like growth factor II. J. Cell Biol. 2011, 193, 475-487. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/S1096-6374(98)80109-3
http://dx.doi.org/10.1002/bies.20151
http://www.ncbi.nlm.nih.gov/pubmed/15551269
http://www.ncbi.nlm.nih.gov/pubmed/13429201
http://dx.doi.org/10.1677/joe.0.1310303
http://dx.doi.org/10.1016/j.ecl.2012.04.009
http://dx.doi.org/10.1074/jbc.RA117.001573
http://dx.doi.org/10.5603/FHC.2012.0026
http://dx.doi.org/10.1093/hmg/ddl041
http://dx.doi.org/10.1128/MCB.00204-08
http://dx.doi.org/10.1038/ng1402
http://www.ncbi.nlm.nih.gov/pubmed/15273689
http://dx.doi.org/10.1210/me.2007-0474
http://dx.doi.org/10.1083/jcb.201101021
http://www.ncbi.nlm.nih.gov/pubmed/21536749

Cells 2019, 8, 1207 21 of 32

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Azzi, S.; Abi Habib, W.; Netchine, I. Beckwith-Wiedemann and Russell-Silver Syndromes: From new
molecular insights to the comprehension of imprinting regulation. Curr. Opin. Endocrinol. Diabetes Obes.
2014, 21, 30-38. [CrossRef] [PubMed]

Ounap, K. Silver-Russell Syndrome and Beckwith-Wiedemann Syndrome: Opposite Phenotypes with
Heterogeneous Molecular Etiology. Mol. Syndr. 2016, 7, 110-121. [CrossRef]

Dai, YM.; Wang, Z,; Li, J.; Gu, X.; Zheng, M.; Zhou, J.; Ye, X.; Yao, J.; Cui, L; Hu, Y,; et al. Imprinting status of
IGF2 in cord blood cells of Han Chinese newborns. Int. . Mol. Sci. 2007, 8, 273-283. [CrossRef]

Rancourt, R.C.; Harris, H.R.; Barault, L.; Michels, K.B. The prevalence of loss of imprinting of H19 and IGF2
at birth. FASEB J. 2013, 27, 3335-3343. [CrossRef]

Buchanan, C.M.; Phillips, A.R.; Cooper, G.]. Preptin derived from proinsulin-like growth factor II (prolGF-II)
is secreted from pancreatic islet beta-cells and enhances insulin secretion. Biochem. ]. 2001, 360, 431-439.
[CrossRef]

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]

Pachnis, V.; Belayew, A ; Tilghman, S.M. Locus unlinked to alpha-fetoprotein under the control of the murine
raf and Rif genes. Proc. Natl. Acad. Sci. USA 1984, 81, 5523-5527. [CrossRef]

Brannan, C.I; Dees, E.C.; Ingram, R.S.; Tilghman, S.M. The product of the H19 gene may function as an RNA.
Mol. Cell Biol. 1990, 10, 28-36. [CrossRef] [PubMed]

Matouk, I.; Ayesh, B.; Schneider, T.; Ayesh, S.; Ohana, P.; de-Groot, N.; Hochberg, A.; Galun, E. Oncofetal
splice-pattern of the human H19 gene. Biochem. Biophys. Res. Commun. 2004, 318, 916-919. [CrossRef]
[PubMed]

Cai, X.; Cullen, B.R. The imprinted H19 noncoding RNA is a primary microRNA precursor. RNA 2007, 13,
313-316. [CrossRef] [PubMed]

Keniry, A.; Oxley, D.; Monnier, P.; Kyba, M.; Dandolo, L.; Smits, G.; Reik, W. The H19 lincRNA is
a developmental reservoir of miR-675 that suppresses growth and Igflr. Nat. Cell Biol. 2012, 14, 659-665.
[CrossRef] [PubMed]

Moore, T.; Haig, D. Genomic imprinting in mammalian development: A parental tug-of-war. Trends Genet.
1991, 7, 45-49. [CrossRef]

Farzi-Molan, A.; Babashah, S.; Bakhshinejad, B.; Atashi, A.; Fakhr Taha, M. Down-regulation of the non-coding
RNA H19 and its derived miR-675 is concomitant with up-regulation of insulin-like growth factor receptor
type 1 during neural-like differentiation of human bone marrow mesenchymal stem cells. Cell Biol. Int. 2018,
42,940-948. [CrossRef]

Lv, J.; Wang, L.; Zhang, J.; Lin, R.; Wang, L.; Sun, W.; Wu, H.; Xin, S. Long noncoding RNA H19-derived
miR-675 aggravates restenosis by targeting PTEN. Biochem. Biophys. Res. Commun. 2018, 497, 1154-1161.
[CrossRef]

Chen, C.Y;; Chen, J.; He, L.; Stiles, B.L. PTEN: Tumor Suppressor and Metabolic Regulator. Front. Endocrinol.
(Lausanne) 2018, 9, 338. [CrossRef]

Tsang, W.P,; Ng, EK; Ng, S.S; Jin, H.; Yu, J.; Sung, ].J.; Kwok, T.T. Oncofetal H19-derived miR-675 regulates
tumor suppressor RB in human colorectal cancer. Carcinogenesis 2010, 31, 350-358. [CrossRef]

Huang, Y;; Zheng, Y.; Jin, C; Li, X,; Jia, L.; Li, W. Long Non-coding RNA H19 Inhibits Adipocyte Differentiation
of Bone Marrow Mesenchymal Stem Cells through Epigenetic Modulation of Histone Deacetylases. Sci. Rep.
2016, 6, 28897. [CrossRef]

Su, J.L.; Chen, PS,; Johansson, G.; Kuo, M.L. Function and regulation of let-7 family microRNAs. MicroRNA
2012, 1, 34-39. [CrossRef] [PubMed]

Kallen, A.N.; Zhou, X.B.; Xu, J.; Qiao, C.; Ma, J.; Yan, L.; Lu, L,; Liu, C.; Yi, ].S.; Zhang, H.; et al. The imprinted
H19 IncRNA antagonizes let-7 microRNAs. Mol. Cell 2013, 52, 101-112. [CrossRef] [PubMed]

Gao, Y,; Wu, E; Zhou, J.; Yan, L.; Jurczak, M.].; Lee, H.Y.; Yang, L.; Mueller, M.; Zhou, X.B.; Dandolo, L.; et al.
The H19/let-7 double-negative feedback loop contributes to glucose metabolism in muscle cells. Nucleic Acids
Res. 2014, 42, 13799-13811. [CrossRef] [PubMed]

Zhong, T.; Men, Y.; Lu, L.; Geng, T.; Zhou, J.; Mitsuhashi, A.; Shozu, M.; Maihle, N J.; Carmichael, G.G.;
Taylor, H.S; et al. Metformin alters DNA methylation genome-wide via the H19/SAHH axis. Oncogene 2017,
36, 2345-2354. [CrossRef]


http://dx.doi.org/10.1097/MED.0000000000000037
http://www.ncbi.nlm.nih.gov/pubmed/24322424
http://dx.doi.org/10.1159/000447413
http://dx.doi.org/10.3390/i8040273
http://dx.doi.org/10.1096/fj.12-225284
http://dx.doi.org/10.1042/bj3600431
http://dx.doi.org/10.1210/er.2017-00073
http://dx.doi.org/10.1073/pnas.81.17.5523
http://dx.doi.org/10.1128/MCB.10.1.28
http://www.ncbi.nlm.nih.gov/pubmed/1688465
http://dx.doi.org/10.1016/j.bbrc.2004.04.117
http://www.ncbi.nlm.nih.gov/pubmed/15147959
http://dx.doi.org/10.1261/rna.351707
http://www.ncbi.nlm.nih.gov/pubmed/17237358
http://dx.doi.org/10.1038/ncb2521
http://www.ncbi.nlm.nih.gov/pubmed/22684254
http://dx.doi.org/10.1016/0168-9525(91)90040-W
http://dx.doi.org/10.1002/cbin.10960
http://dx.doi.org/10.1016/j.bbrc.2017.01.011
http://dx.doi.org/10.3389/fendo.2018.00338
http://dx.doi.org/10.1093/carcin/bgp181
http://dx.doi.org/10.1038/srep28897
http://dx.doi.org/10.2174/2211536611201010034
http://www.ncbi.nlm.nih.gov/pubmed/25048088
http://dx.doi.org/10.1016/j.molcel.2013.08.027
http://www.ncbi.nlm.nih.gov/pubmed/24055342
http://dx.doi.org/10.1093/nar/gku1160
http://www.ncbi.nlm.nih.gov/pubmed/25399420
http://dx.doi.org/10.1038/onc.2016.391

Cells 2019, 8, 1207 22 of 32

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Zhu, H.; Shyh-Chang, N.; Segre, A.V.; Shinoda, G.; Shah, S.P.; Einhorn, W.S.; Takeuchi, A.; Engreitz, ].M.;
Hagan, J.P.; Kharas, M.G.; et al. The Lin28/let-7 axis regulates glucose metabolism. Cell 2011, 147, 81-94.
[CrossRef]

Zhou, X,; Ye, E; Yin, C.; Zhuang, Y.; Yue, G.; Zhang, G. The Interaction Between MiR-141 and IncRNA-H19 in
Regulating Cell Proliferation and Migration in Gastric Cancer. Cell Physiol. Biochem. 2015, 36, 1440-1452.
[CrossRef]

Zhou, J.; Yang, L.; Zhong, T.; Mueller, M.; Men, Y.; Zhang, N.; Xie, J.; Giang, K.; Chung, H.; Sun, X.; et al.
H19 IncRNA alters DNA methylation genome wide by regulating S-adenosylhomocysteine hydrolase. Nat.
Commun. 2015, 6, 10221. [CrossRef]

Li, Z.; Li, Y,; Li, Y;; Ren, K,; Li, X.; Han, X.; Wang, J. Long non-coding RNA H19 promotes the proliferation
and invasion of breast cancer through upregulating DNMT1 expression by sponging miR-152. . Biochem.
Mol. Toxicol. 2017, 31. [CrossRef]

Yang, F; Bi, J.; Xue, X.; Zheng, L.; Zhi, K.; Hua, J.; Fang, G. Up-regulated long non-coding RNA H19
contributes to proliferation of gastric cancer cells. FEBS J. 2012, 279, 3159-3165. [CrossRef]

Goyal, N.; Tiwary, S.; Kesharwani, D.; Datta, M. Long non-coding RNA H19 inhibition promotes
hyperglycemia in mice by upregulating hepatic FoxO1 levels and promoting gluconeogenesis. J. Mol.
Med. (Berl.) 2019, 97, 115-126. [CrossRef]

Zheng, Z.H.; Wu, DM,; Fan, S.H.; Zhang, Z.F.; Chen, G.Q.; Lu, J. Upregulation of miR-675-5p induced by
IncRNA H19 was associated with tumor progression and development by targeting tumor suppressor p53 in
non-small cell lung cancer. J. Cell. Biochem. 2019. [CrossRef] [PubMed]

Runge, S.; Nielsen, F.C.; Nielsen, J.; Lykke-Andersen, J.; Wewer, U.M.; Christiansen, J. H19 RNA binds four
molecules of insulin-like growth factor II mRNA-binding protein. J. Biol. Chem. 2000, 275, 29562-29569.
[CrossRef] [PubMed]

Giovarelli, M.; Bucci, G.; Ramos, A.; Bordo, D.; Wilusz, C.J.; Chen, C.Y.; Puppo, M.; Briata, P.; Gherzi, R.
H19 long noncoding RNA controls the mRNA decay promoting function of KSRP. Proc. Natl. Acad. Sci. USA
2014, 111, E5023-E5028. [CrossRef] [PubMed]

Gherzi, R.; Chen, C.Y.;; Ramos, A.; Briata, P. KSRP controls pleiotropic cellular functions. Semin. Cell Dev.
Biol. 2014, 34, 2-8. [CrossRef] [PubMed]

Luo, M,; Li, Z.; Wang, W.; Zeng, Y.; Liu, Z.; Qiu, J. Long non-coding RNA H19 increases bladder cancer
metastasis by associating with EZH2 and inhibiting E-cadherin expression. Cancer Lett. 2013, 333, 213-221.
[CrossRef]

Zhuo, C,; Jiang, R.; Lin, X.; Shao, M. LncRNA H19 inhibits autophagy by epigenetically silencing of DIRAS3
in diabetic cardiomyopathy. Oncotarget 2017, 8, 1429-1437. [CrossRef]

Baric, I. Inherited disorders in the conversion of methionine to homocysteine. J. Inherit. Metab. Dis. 2009, 32,
459-471. [CrossRef]

Monnier, P.; Martinet, C.; Pontis, J.; Stancheva, L; Ait-Si-Ali, S.; Dandolo, L. H19 IncRNA controls gene
expression of the Imprinted Gene Network by recruiting MBD1. Proc. Natl. Acad. Sci. USA 2013, 110,
20693-20698. [CrossRef]

Zhang, L.; Zhou, Y.; Huang, T.; Cheng, A.S.; Yu, ].; Kang, W.; To, K.F. The Interplay of LncRNA-H19 and
Its Binding Partners in Physiological Process and Gastric Carcinogenesis. Int. J. Mol. Sci. 2017, 18, 450.
[CrossRef]

Berteaux, N.; Aptel, N.; Cathala, G.; Genton, C.; Coll, J.; Daccache, A.; Spruyt, N.; Hondermarck, H.;
Dugimont, T.; Curgy, ].J.; et al. A novel H19 antisense RNA overexpressed in breast cancer contributes to
paternal IGF2 expression. Mol. Cell Biol. 2008, 28, 6731-6745. [CrossRef]

Vennin, C.; Spruyt, N.; Robin, Y.M.; Chassat, T.; Le Bourhis, X.; Adriaenssens, E. The long non-coding RNA
91H increases aggressive phenotype of breast cancer cells and up-regulates H19/IGF2 expression through
epigenetic modifications. Cancer Lett. 2017, 385, 198-206. [CrossRef] [PubMed]

Gao, T;; He, B.; Pan, Y.; Xu, Y.; Li, R;; Deng, Q.; Sun, H.; Wang, S. Long non-coding RNA 91H contributes to
the occurrence and progression of esophageal squamous cell carcinoma by inhibiting IGF2 expression. Mol.
Carcinog. 2015, 54, 359-367. [CrossRef] [PubMed]

Onyango, P; Feinberg, A.P. A nucleolar protein, H19 opposite tumor suppressor (HOTS), is a tumor growth
inhibitor encoded by a human imprinted H19 antisense transcript. Proc. Natl. Acad. Sci. USA 2011, 108,
16759-16764. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cell.2011.08.033
http://dx.doi.org/10.1159/000430309
http://dx.doi.org/10.1038/ncomms10221
http://dx.doi.org/10.1002/jbt.21933
http://dx.doi.org/10.1111/j.1742-4658.2012.08694.x
http://dx.doi.org/10.1007/s00109-018-1718-6
http://dx.doi.org/10.1002/jcb.29182
http://www.ncbi.nlm.nih.gov/pubmed/31219199
http://dx.doi.org/10.1074/jbc.M001156200
http://www.ncbi.nlm.nih.gov/pubmed/10875929
http://dx.doi.org/10.1073/pnas.1415098111
http://www.ncbi.nlm.nih.gov/pubmed/25385579
http://dx.doi.org/10.1016/j.semcdb.2014.05.004
http://www.ncbi.nlm.nih.gov/pubmed/24845017
http://dx.doi.org/10.1016/j.canlet.2013.01.033
http://dx.doi.org/10.18632/oncotarget.13637
http://dx.doi.org/10.1007/s10545-009-1146-4
http://dx.doi.org/10.1073/pnas.1310201110
http://dx.doi.org/10.3390/ijms18020450
http://dx.doi.org/10.1128/MCB.02103-07
http://dx.doi.org/10.1016/j.canlet.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27780718
http://dx.doi.org/10.1002/mc.22106
http://www.ncbi.nlm.nih.gov/pubmed/24706416
http://dx.doi.org/10.1073/pnas.1110904108
http://www.ncbi.nlm.nih.gov/pubmed/21940503

Cells 2019, 8, 1207 23 of 32

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Fu, H,; Tie, Y;; Xu, C.; Zhang, Z.; Zhu, J.; Shi, Y,; Jiang, H.; Sun, Z.; Zheng, X. Identification of human fetal
liver miRNAs by a novel method. FEBS Lett. 2005, 579, 3849-3854. [CrossRef]

Ma, N.; Wang, X.; Qiao, Y.; Li, F; Hui, Y.; Zou, C,; Jin, J.; Lv, G.; Peng, Y.; Wang, L.; et al. Coexpression of
an intronic microRNA and its host gene reveals a potential role for miR-483-5p as an IGF2 partner. Mol. Cell
Endocrinol. 2011, 333, 96-101. [CrossRef]

Liu, M.; Roth, A.; Yu, M.; Morris, R.; Bersani, F;; Rivera, M.N.; Ly, ].; Shioda, T.; Vasudevan, S.; Ramaswamy, S.;
et al. The IGF2 intronic miR-483 selectively enhances transcription from IGF2 fetal promoters and enhances
tumorigenesis. Genes Dev. 2013, 27, 2543-2548. [CrossRef]

Kanatsuna, N.; Taneera, ].; Vaziri-Sani, F.; Wierup, N.; Larsson, H.E.; Delli, A.; Skarstrand, H.; Balhuizen, A.;
Bennet, H.; Steiner, D.E; et al. Autoimmunity against INS-IGF2 protein expressed in human pancreatic islets.
J. Biol. Chem. 2013, 288, 29013-29023. [CrossRef]

Gao, S.; Lin, Z,; Li, C.; Wang, Y.; Yang, L.; Zou, B.; Chen, J.; Li, J.; Feng, D.; Song, Z.; et al. IncINS-IGF2
Promotes Cell Proliferation and Migration by Promoting G1/S Transition in Lung Cancer. Technol. Cancer Res.
Treat. 2019, 18, 1533033818823029. [CrossRef]

Okutsu, T.; Kuroiwa, Y.; Kagitani, F,; Kai, M.; Aisaka, K.; Tsutsumi, O.; Kaneko, Y.; Yokomori, K.; Surani, M.A.;
Kohda, T; et al. Expression and imprinting status of human PEG8/IGF2AS, a paternally expressed antisense
transcript from the IGF2 locus, in Wilms’ tumors. J. Biochem. 2000, 127, 475-483. [CrossRef]

Duart-Garcia, C.; Braunschweig, M.H. The Igf2as transcript is exported into cytoplasm and associated with
polysomes. Biochem. Genet. 2013, 51, 119-130. [CrossRef]

Chen, Q.; Sun, T.; Wang, E; Gong, B.; Xie, W.; Ma, M.; Yang, X. Long Noncoding RNA IGF2AS is Acting as
an Epigenetic Tumor Suppressor in Human Prostate Cancer. Urology 2019, 124, 310 e311-310 e318. [CrossRef]
[PubMed]

Yu, X.; Luo, Y,; Chen, G.; Liu, H.; Tian, N.; Zen, X.; Liu, Q. Long noncoding RNA IGF2AS regulates
high-glucose induced apoptosis in human retinal pigment epithelial cells. Iubmb. Life 2019. [CrossRef]
[PubMed]

Zhao, Z.; Liu, B.; Li, B.; Song, C.; Diao, H.; Guo, Z.; Li, Z.; Zhang, J. Inhibition of long noncoding RNA
IGF2AS promotes angiogenesis in type 2 diabetes. Biomed. Pharm. 2017, 92, 445-450. [CrossRef] [PubMed]
Degrauwe, N.; Suva, M.L.; Janiszewska, M.; Riggi, N.; Stamenkovic, I. IMPs: An RNA-binding protein family
that provides a link between stem cell maintenance in normal development and cancer. Genes Dev. 2016, 30,
2459-2474. [CrossRef] [PubMed]

Dai, N.; Rapley, J.; Angel, M.; Yanik, M.E,; Blower, M.D.; Avruch, J. mTOR phosphorylates IMP2 to promote
IGF2 mRNA translation by internal ribosomal entry. Genes Dev. 2011, 25, 1159-1172. [CrossRef]

Ni, M,; Lee, A.S. ER chaperones in mammalian development and human diseases. FEBS Lett. 2007, 581,
3641-3651. [CrossRef]

Ostrovsky, O.; Ahmed, N.T.; Argon, Y. The chaperone activity of GRP94 toward insulin-like growth factor II
is necessary for the stress response to serum deprivation. Mol. Biol. Cell 2009, 20, 1855-1864. [CrossRef]
Wanderling, S.; Simen, B.B.; Ostrovsky, O.; Ahmed, N.T.; Vogen, S.M.; Gidalevitz, T.; Argon, Y. GRP9%4 is
essential for mesoderm induction and muscle development because it regulates insulin-like growth factor
secretion. Mol. Biol. Cell 2007, 18, 3764-3775. [CrossRef]

Ostrovsky, O.; Eletto, D.; Makarewich, C.; Barton, E.R.; Argon, Y. Glucose regulated protein 94 is required for
muscle differentiation through its control of the autocrine production of insulin-like growth factors. Biochim.
Biophys. Acta 2010, 1803, 333-341. [CrossRef]

Marzec, M.; Hawkes, C.P; Eletto, D.; Boyle, S.; Rosenfeld, R.; Hwa, V.; Wit, ].M.; van Duyvenvoorde, H.A ;
Oostdijk, W.; Losekoot, M.; et al. A Human Variant of Glucose-Regulated Protein 94 That Inefficiently
Supports IGF Production. Endocrinology 2016, 157, 1914-1928. [CrossRef]

Siddle, K. Molecular basis of signaling specificity of insulin and IGF receptors: Neglected corners and recent
advances. Front. Endocrinol. 2012, 3, 34. [CrossRef] [PubMed]

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]


http://dx.doi.org/10.1016/j.febslet.2005.05.064
http://dx.doi.org/10.1016/j.mce.2010.11.027
http://dx.doi.org/10.1101/gad.224170.113
http://dx.doi.org/10.1074/jbc.M113.478222
http://dx.doi.org/10.1177/1533033818823029
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a022630
http://dx.doi.org/10.1007/s10528-012-9547-8
http://dx.doi.org/10.1016/j.urology.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30423304
http://dx.doi.org/10.1002/iub.2102
http://www.ncbi.nlm.nih.gov/pubmed/31317640
http://dx.doi.org/10.1016/j.biopha.2017.05.039
http://www.ncbi.nlm.nih.gov/pubmed/28570978
http://dx.doi.org/10.1101/gad.287540.116
http://www.ncbi.nlm.nih.gov/pubmed/27940961
http://dx.doi.org/10.1101/gad.2042311
http://dx.doi.org/10.1016/j.febslet.2007.04.045
http://dx.doi.org/10.1091/mbc.e08-04-0346
http://dx.doi.org/10.1091/mbc.e07-03-0275
http://dx.doi.org/10.1016/j.bbamcr.2009.11.005
http://dx.doi.org/10.1210/en.2015-2058
http://dx.doi.org/10.3389/fendo.2012.00034
http://www.ncbi.nlm.nih.gov/pubmed/22649417
http://dx.doi.org/10.1210/er.2008-0047
http://www.ncbi.nlm.nih.gov/pubmed/19752219

Cells 2019, 8, 1207 24 of 32

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

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]

Pandini, G.; Conte, E.; Medico, E.; Sciacca, L.; Vigneri, R.; Belfiore, A. IGF-II binding to insulin receptor
isoform A induces a partially different gene expression profile from insulin binding. Ann. N. Y. Acad. Sci.
2004, 1028, 450-456. [CrossRef]

Sacco, A.; Morcavallo, A.; Pandini, G.; Vigneri, R.; Belfiore, A. Differential signaling activation by insulin
and insulin-like growth factors I and II upon binding to insulin receptor isoform A. Endocrinology 2009, 150,
3594-3602. [CrossRef]

Morrione, A.; Valentinis, B.; Xu, S.Q.; Yumet, G.; Louvi, A.; Efstratiadis, A.; Baserga, R. Insulin-like growth
factor II stimulates cell proliferation through the insulin receptor. Proc. Natl. Acad. Sci. USA 1997, 94,
3777-3782. [CrossRef]

Frasca, F.; Pandini, G.; Scalia, P,; Sciacca, L.; Mineo, R.; Costantino, A.; Goldfine, I.D.; Belfiore, A.; Vigneri, R.
Insulin receptor isoform A, a newly recognized, high-affinity insulin-like growth factor II receptor in fetal
and cancer cells. Mol. Cell Biol. 1999, 19, 3278-3288. [CrossRef]

Leibiger, B.; Leibiger, 1.B.; Moede, T.; Kemper, S.; Kulkarni, R.N.; Kahn, C.R.; de Vargas, L.M.; Berggren, P.O.
Selective insulin signaling through A and B insulin receptors regulates transcription of insulin and glucokinase
genes in pancreatic beta cells. Mol. Cell 2001, 7, 559-570. [CrossRef]

Uhles, S.; Moede, T.; Leibiger, B.; Berggren, P.O.; Leibiger, I.B. Isoform-specific insulin receptor signaling
involves different plasma membrane domains. J. Cell Biol. 2003, 163, 1327-1337. [CrossRef]

Pandini, G.; Frasca, F.; Mineo, R.; Sciacca, L.; Vigneri, R.; Belfiore, A. Insulin/insulin-like growth factor I
hybrid receptors have different biological characteristics depending on the insulin receptor isoform involved.
J. Biol. Chem. 2002, 277, 39684-39695. [CrossRef]

Slaaby, R.; Schaffer, L.; Lautrup-Larsen, I.; Andersen, A.S.; Shaw, A.C.; Mathiasen, L.S.; Brandt, J. Hybrid
receptors formed by insulin receptor (IR) and insulin-like growth factor I receptor (IGF-IR) have low insulin
and high IGF-1 affinity irrespective of the IR splice variant. J. Biol. Chem. 2006, 281, 25869-25874. [CrossRef]
[PubMed]

Martin-Kleiner, I.; Gall Troselj, K. Mannose-6-phosphate/insulin-like growth factor 2 receptor (M6P/IGF2R)
in carcinogenesis. Cancer Lett. 2010, 289, 11-22. [CrossRef] [PubMed]

Wang, Y.; MacDonald, R.G.; Thinakaran, G.; Kar, S. Insulin-Like Growth Factor-II/Cation-Independent
Mannose 6-Phosphate Receptor in Neurodegenerative Diseases. Mol. Neurobiol. 2017, 54, 2636-2658.
[CrossRef] [PubMed]

Bergman, D.; Halje, M.; Nordin, M.; Engstrom, W. Insulin-like growth factor 2 in development and disease:
A mini-review. Gerontology 2013, 59, 240-249. [CrossRef] [PubMed]

Vu, T.H,; Jirtle, R.L.; Hoffman, A.R. Cross-species clues of an epigenetic imprinting regulatory code for the
IGF2R gene. Cytogenet. Genome Res. 2006, 113, 202-208. [CrossRef] [PubMed]

Lau, M\M.; Stewart, CE.; Liu, Z.; Bhatt, H.; Rotwein, P; Stewart, C.L. Loss of the imprinted
IGF2/cation-independent mannose 6-phosphate receptor results in fetal overgrowth and perinatal lethality.
Genes Dev. 1994, 8, 2953-2963. [CrossRef] [PubMed]

Appell, K.C,; Simpson, L. A.; Cushman, S.W. Characterization of the stimulatory action of insulin on insulin-like
growth factor II binding to rat adipose cells. Differences in the mechanism of insulin action on insulin-like
growth factor II receptors and glucose transporters. J. Biol. Chem. 1988, 263, 10824-10829.

Lonnroth, P; Appell, K.C.; Wesslau, C.; Cushman, S.W.; Simpson, I.A.; Smith, U. Insulin-induced subcellular
redistribution of insulin-like growth factor II receptors in the rat adipose cell. Counterregulatory effects of
isoproterenol, adenosine, and cAMP analogues. J. Biol. Chem. 1988, 263, 15386-15391.

Wardzala, L.J.; Simpson, I.A.; Rechler, M.M.; Cushman, S.W. Potential mechanism of the stimulatory action
of insulin on insulin-like growth factor II binding to the isolated rat adipose cell. Apparent redistribution
of receptors cycling between a large intracellular pool and the plasma membrane. J. Biol. Chem. 1984, 259,
8378-8383.

Ghosh, P; Dahms, N.M.; Kornfeld, S. Mannose 6-phosphate receptors: New twists in the tale. Nat. Rev. Mol.
Cell Biol. 2003, 4, 202-212. [CrossRef]


http://dx.doi.org/10.1210/me.2010-0484
http://www.ncbi.nlm.nih.gov/pubmed/21680660
http://dx.doi.org/10.1196/annals.1322.053
http://dx.doi.org/10.1210/en.2009-0377
http://dx.doi.org/10.1073/pnas.94.8.3777
http://dx.doi.org/10.1128/MCB.19.5.3278
http://dx.doi.org/10.1016/S1097-2765(01)00203-9
http://dx.doi.org/10.1083/jcb.200306093
http://dx.doi.org/10.1074/jbc.M202766200
http://dx.doi.org/10.1074/jbc.M605189200
http://www.ncbi.nlm.nih.gov/pubmed/16831875
http://dx.doi.org/10.1016/j.canlet.2009.06.036
http://www.ncbi.nlm.nih.gov/pubmed/19646808
http://dx.doi.org/10.1007/s12035-016-9849-7
http://www.ncbi.nlm.nih.gov/pubmed/26993302
http://dx.doi.org/10.1159/000343995
http://www.ncbi.nlm.nih.gov/pubmed/23257688
http://dx.doi.org/10.1159/000090833
http://www.ncbi.nlm.nih.gov/pubmed/16575181
http://dx.doi.org/10.1101/gad.8.24.2953
http://www.ncbi.nlm.nih.gov/pubmed/8001817
http://dx.doi.org/10.1038/nrm1050

Cells 2019, 8, 1207 25 of 32

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Holly, J.; Perks, C. The role of insulin-like growth factor binding proteins. Neuroendocrinology 2006, 83,
154-160. [CrossRef] [PubMed]

Xu, S.; Cwyfan-Hughes, S.C.; van der Stappen, ].W.; Sansom, J.; Burton, ]J.L.; Donnelly, M.; Holly, ] M.
Insulin-like growth factors (IGFs) and IGF-binding proteins in human skin interstitial fluid. J. Clin. Endocrinol.
Metab. 1995, 80, 2940-2945. [CrossRef] [PubMed]

Clemmons, D.R.; Underwood, L.E. Nutritional regulation of IGF-I and IGF binding proteins. Annu. Rev.
Nutr. 1991, 11, 393-412. [CrossRef] [PubMed]

Bar, R.S.; Clemmons, D.R.; Boes, M.; Busby, W.H.; Booth, B.A.; Dake, B.L.; Sandra, A. Transcapillary
permeability and subendothelial distribution of endothelial and amniotic fluid insulin-like growth factor
binding proteins in the rat heart. Endocrinology 1990, 127, 1078-1086. [CrossRef]

Holly, .M. The physiological role of IGFBP-1. Acta Endocrinol. (Copenh.) 1991, 124, 55-62.

Frystyk, J.; Skjaerbaek, C.; Vestbo, E.; Fisker, S.; Orskov, H. Circulating levels of free insulin-like growth factors
in obese subjects: The impact of type 2 diabetes. Diabetes Metab. Res. Rev. 1999, 15, 314-322. [CrossRef]
Belobrajdic, D.P,; Frystyk, J.; Jeyaratnaganthan, N.; Espelund, U.; Flyvbjerg, A.; Clifton, PM.; Noakes, M.
Moderate energy restriction-induced weight loss affects circulating IGF levels independent of dietary
composition. Eur. J. Endocrinol. 2010, 162, 1075-1082. [CrossRef]

Bevan, S.J.; Parry-Billings, M.; Opara, E.; Liu, C.T.; Dunger, D.B.; Newsholme, E.A. The effect of insulin-like
growth factor II on glucose uptake and metabolism in rat skeletal muscle in vitro. Biochem. ]. 1992, 286,
561-565. [CrossRef]

Faienza, ML.F.; Santoro, N.; Lauciello, R.; Calabro, R.; Giordani, L.; Di Salvo, G.; Ventura, A.; Delvecchio, M.;
Perrone, L.; Del Giudice, E.M.; et al. IGF2 gene variants and risk of hypertension in obese children and
adolescents. Pediatr. Res. 2010, 67, 340-344. [CrossRef]

O’Dell, S.D.; Miller, G.J.; Cooper, J.A.; Hindmarsh, P.C.; Pringle, PJ.; Ford, H.; Humphries, S.E.; Day, I.N.
Apal polymorphism in insulin-like growth factor IT (IGF2) gene and weight in middle-aged males. Int. ].
Obes. Relat. Metab. Disord. 1997, 21, 822-825. [CrossRef]

Rodriguez, S.; Gaunt, T.R.; O’Dell, S.D.; Chen, X.H.; Gu, D.; Hawe, E; Miller, G.J.; Humphries, S.E.; Day, LN.
Haplotypic analyses of the IGF2-INS-TH gene cluster in relation to cardiovascular risk traits. Hum. Mol.
Genet. 2004, 13, 715-725. [CrossRef] [PubMed]

Roth, SM.; Schrager, M.A.; Metter, E.J.; Riechman, S.E.; Fleg, ].L.; Hurley, B.E,; Ferrell, R.E. IGF2 genotype
and obesity in men and women across the adult age span. Int. ]. Obes. Relat. Metab. Disord. 2002, 26, 585-587.
[CrossRef] [PubMed]

Rice, T.; Chagnon, Y.C.; Perusse, L.; Borecki, I.B.; Ukkola, O.; Rankinen, T.; Gagnon, J.; Leon, A.S.; Skinner, J.S.;
Wilmore, ].H.; et al. A genomewide linkage scan for abdominal subcutaneous and visceral fat in black and
white families: The HERITAGE Family Study. Diabetes 2002, 51, 848-855. [CrossRef] [PubMed]

Hoyo, C.; Fortner, K.; Murtha, A.P,; Schildkraut, ].M.; Soubry, A.; Demark-Wahnefried, W.; Jirtle, R.L.;
Kurtzberg, J.; Forman, M.R.; Overcash, E; et al. Association of cord blood methylation fractions at imprinted
insulin-like growth factor 2 (IGF2), plasma IGF2, and birth weight. Cancer Causes Control. 2012, 23, 635-645.
[CrossRef] [PubMed]

Murrell, A.; Heeson, S.; Cooper, WN.; Douglas, E.; Apostolidou, S.; Moore, G.E.; Maher, E.R.; Reik, W.
An association between variants in the IGF2 gene and Beckwith-Wiedemann syndrome: Interaction between
genotype and epigenotype. Hum. Mol. Genet. 2004, 13, 247-255. [CrossRef] [PubMed]

Mercader, ].M.; Liao, R.G.; Bell, A.D.; Dymek, Z.; Estrada, K.; Tukiainen, T.; Huerta-Chagoya, A.;
Moreno-Macias, H.; Jablonski, K.A.; Hanson, R.L.; et al. A Loss-of-Function Splice Acceptor Variant
in IGF2 Is Protective for Type 2 Diabetes. Diabetes 2017, 66, 2903-2914. [CrossRef] [PubMed]

Heald, A.H.; Karvestedt, L.; Anderson, S.G.; McLaughlin, ].; Knowles, A.; Wong, L.; Grill, V.; Cruickshank, ] K.;
White, A.; Gibson, ].M.; et al. Low insulin-like growth factor-II levels predict weight gain in normal weight
subjects with type 2 diabetes. Am. . Med. 2006, 119, e169-115. [CrossRef]

Martin, R.M.; Holly, ].M.; Davey Smith, G.; Gunnell, D. Associations of adiposity from childhood into
adulthood with insulin resistance and the insulin-like growth factor system: 65-year follow-up of the Boyd
Orr Cohort. J. Clin. Endocrinol. Metab. 2006, 91, 3287-3295. [CrossRef]

Sandhu, M.S.; Gibson, ] M.; Heald, A.H.; Dunger, D.B.; Wareham, N.J. Low circulating IGF-II concentrations
predict weight gain and obesity in humans. Diabetes 2003, 52, 1403-1408. [CrossRef]


http://dx.doi.org/10.1159/000095523
http://www.ncbi.nlm.nih.gov/pubmed/17047378
http://dx.doi.org/10.1210/jcem.80.10.7559878
http://www.ncbi.nlm.nih.gov/pubmed/7559878
http://dx.doi.org/10.1146/annurev.nu.11.070191.002141
http://www.ncbi.nlm.nih.gov/pubmed/1716449
http://dx.doi.org/10.1210/endo-127-3-1078
http://dx.doi.org/10.1002/(SICI)1520-7560(199909/10)15:5&lt;314::AID-DMRR56&gt;3.0.CO;2-E
http://dx.doi.org/10.1530/EJE-10-0062
http://dx.doi.org/10.1042/bj2860561
http://dx.doi.org/10.1203/PDR.0b013e3181d22757
http://dx.doi.org/10.1038/sj.ijo.0800483
http://dx.doi.org/10.1093/hmg/ddh070
http://www.ncbi.nlm.nih.gov/pubmed/14749349
http://dx.doi.org/10.1038/sj.ijo.0801927
http://www.ncbi.nlm.nih.gov/pubmed/12075589
http://dx.doi.org/10.2337/diabetes.51.3.848
http://www.ncbi.nlm.nih.gov/pubmed/11872690
http://dx.doi.org/10.1007/s10552-012-9932-y
http://www.ncbi.nlm.nih.gov/pubmed/22392079
http://dx.doi.org/10.1093/hmg/ddh013
http://www.ncbi.nlm.nih.gov/pubmed/14645199
http://dx.doi.org/10.2337/db17-0187
http://www.ncbi.nlm.nih.gov/pubmed/28838971
http://dx.doi.org/10.1016/j.amjmed.2005.08.001
http://dx.doi.org/10.1210/jc.2006-0745
http://dx.doi.org/10.2337/diabetes.52.6.1403

Cells 2019, 8, 1207 26 of 32

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Bann, D.; Holly, ].M.; Lashen, H.; Hardy, R.; Adams, J.; Kuh, D.; Ong, K.K.; Ben-Shlomo, Y. Changes in
insulin-like growth factor-I and -II associated with fat but not lean mass in early old age. Obesity 2015, 23,
692-698. [CrossRef]

Murphy, R.; Baptista, J.; Holly, J.; Umpleby, A.M.; Ellard, S.; Harries, L.W.; Crolla, J.; Cundy, T.; Hattersley, A.T.
Severe intrauterine growth retardation and atypical diabetes associated with a translocation breakpoint
disrupting regulation of the insulin-like growth factor 2 gene. J. Clin. Endocrinol. Metab. 2008, 93, 4373-4380.
[CrossRef] [PubMed]

Ozkan, Y.; Timurkan, E.S.; Aydin, S.; Sahin, I.; Timurkan, M.; Citil, C.; Kalayci, M.; Yilmaz, M.; Aksoy, A.;
Catak, Z. Acylated and desacylated ghrelin, preptin, leptin, and nesfatin-1 Peptide changes related to the
body mass index. Int. J. Endocrinol. 2013, 2013, 236085. [CrossRef] [PubMed]

Yang, G.; Li, L.; Chen, W,; Liu, H.; Boden, G.; Li, K. Circulating preptin levels in normal, impaired glucose
tolerance, and type 2 diabetic subjects. Ann. Med. 2009, 41, 52-56. [CrossRef] [PubMed]

Cheng, K.C; Li, Y.X.; Asakawa, A.; Ushikai, M.; Kato, I.; Sato, Y.; Cheng, ].T.; Inui, A. Characterization
of preptin-induced insulin secretion in pancreatic beta-cells. J. Endocrinol. 2012, 215, 43—49. [CrossRef]
[PubMed]

Nunez Lopez, Y.O.; Retnakaran, R.; Zinman, B.; Pratley, R.E.; Seyhan, A.A. Predicting and understanding the
response to short-term intensive insulin therapy in people with early type 2 diabetes. Mol. Metab. 2019, 20,
63-78. [CrossRef] [PubMed]

Gallo, W.; Esguerra, ].L.S.; Eliasson, L.; Melander, O. miR-483-5p associates with obesity and insulin resistance
and independently associates with new onset diabetes mellitus and cardiovascular disease. PLoS ONE 2018,
13, €0206974. [CrossRef]

Ghaedi, H.; Zare, A.; Omrani, M.D.; Doustimotlagh, A.H.; Meshkani, R.; Alipoor, S.; Alipoor, B. Genetic
variants in long noncoding RNA H19 and MEG3 confer risk of type 2 diabetes in an Iranian population.
Gene 2018, 675, 265-271. [CrossRef]

Diabetes Genetics Initiative of Broad Institute of, H.; Mit, L.U.; Novartis Institutes of BioMedical, R.; Saxena, R.;
Voight, B.F,; Lyssenko, V.; Burtt, N.P.; de Bakker, PI; Chen, H.; Roix, ].J.; et al. Genome-wide association
analysis identifies loci for type 2 diabetes and triglyceride levels. Science 2007, 316, 1331-1336. [CrossRef]
Jia, H,; Yu, L,; Jiang, Z.; Ji, Q. Association between IGF2BP2 rs4402960 polymorphism and risk of type 2
diabetes mellitus: A meta-analysis. Arch. Med. Res. 2011, 42, 361-367. [CrossRef]

Zhao, Y.;Ma, Y.S; Fang, Y.; Liu, L.; Wu, S.D,; Fu, D.; Wang, X.F. IGF2BP2 genetic variation and type 2 diabetes:
A global meta-analysis. DNA Cell Biol. 2012, 31, 713-720. [CrossRef]

Rodriguez, S.; Eiriksdottir, G.; Gaunt, T.R.; Harris, T.B.; Launer, L.].; Gudnason, V.; Day, I.N. IGF2BP1,
IGF2BP2 and IGF2BP3 genotype, haplotype and genetic model studies in metabolic syndrome traits and
diabetes. Growth Horm. Igf. Res. 2010, 20, 310-318. [CrossRef] [PubMed]

Heald, A.H.; Kaushal, K,; Siddals, K.W.; Rudenski, A.S.; Anderson, S.G.; Gibson, ].M. Insulin-like growth
factor binding protein-2 (IGFBP-2) is a marker for the metabolic syndrome. Exp. Clin. Endocrinol. Diabetes
2006, 114, 371-376. [CrossRef] [PubMed]

Jeyaratnaganthan, N.; Hojlund, K.; Kroustrup, J.P.; Larsen, ].F.; Bjerre, M.; Levin, K.; Beck-Nielsen, H.; Frago, S.;
Hassan, A.B.; Flyvbjerg, A.; et al. Circulating levels of insulin-like growth factor-II/mannose-6-phosphate
receptor in obesity and type 2 diabetes. Growth Horm. Igf. Res. 2010, 20, 185-191. [CrossRef] [PubMed]
Huang, Z.; Bodkin, N.L.; Ortmeyer, HK.; Zenilman, M.E.; Webster, N.; Hansen, B.C.; Shuldiner, A.R. Altered
insulin receptor messenger ribonucleic acid splicing in liver is associated with deterioration of glucose
tolerance in the spontaneously obese and diabetic rhesus monkey: Analysis of controversy between monkey
and human studies. . Clin. Endocrinol. Metab. 1996, 81, 1552-1556. [PubMed]

Kaminska, D.; Hamalainen, M.; Cederberg, H.; Kakela, P.; Venesmaa, S.; Miettinen, P; Ilves, I.; Herzig, KH.;
Kolehmainen, M.; Karhunen, L.; et al. Adipose tissue INSR splicing in humans associates with fasting insulin
level and is regulated by weight loss. Diabetologia 2014, 57, 347-351. [CrossRef]

Besic, V.; Shi, H.; Stubbs, R.S.; Hayes, M.T. Aberrant liver insulin receptor isoform a expression normalises
with remission of type 2 diabetes after gastric bypass surgery. PLoS ONE 2015, 10, e0119270. [CrossRef]
Escribano, O.; Beneit, N.; Rubio-Longas, C.; Lopez-Pastor, A.R.; Gomez-Hernandez, A. The Role of Insulin
Receptor Isoforms in Diabetes and Its Metabolic and Vascular Complications. J. Diabetes Res. 2017, 2017,
1403206. [CrossRef]


http://dx.doi.org/10.1002/oby.21002
http://dx.doi.org/10.1210/jc.2008-0819
http://www.ncbi.nlm.nih.gov/pubmed/18728168
http://dx.doi.org/10.1155/2013/236085
http://www.ncbi.nlm.nih.gov/pubmed/24371438
http://dx.doi.org/10.1080/07853890802244142
http://www.ncbi.nlm.nih.gov/pubmed/18618352
http://dx.doi.org/10.1530/JOE-12-0176
http://www.ncbi.nlm.nih.gov/pubmed/22787110
http://dx.doi.org/10.1016/j.molmet.2018.11.003
http://www.ncbi.nlm.nih.gov/pubmed/30503831
http://dx.doi.org/10.1371/journal.pone.0206974
http://dx.doi.org/10.1016/j.gene.2018.07.002
http://dx.doi.org/10.1126/science.1142358
http://dx.doi.org/10.1016/j.arcmed.2011.08.001
http://dx.doi.org/10.1089/dna.2011.1400
http://dx.doi.org/10.1016/j.ghir.2010.04.002
http://www.ncbi.nlm.nih.gov/pubmed/20627640
http://dx.doi.org/10.1055/s-2006-924320
http://www.ncbi.nlm.nih.gov/pubmed/16915540
http://dx.doi.org/10.1016/j.ghir.2009.12.005
http://www.ncbi.nlm.nih.gov/pubmed/20110184
http://www.ncbi.nlm.nih.gov/pubmed/8636366
http://dx.doi.org/10.1007/s00125-013-3097-4
http://dx.doi.org/10.1371/journal.pone.0119270
http://dx.doi.org/10.1155/2017/1403206

Cells 2019, 8, 1207 27 of 32

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Savkur, R.S.; Philips, A.V.; Cooper, T.A. Aberrant regulation of insulin receptor alternative splicing is
associated with insulin resistance in myotonic dystrophy. Nat. Genet. 2001, 29, 40-47. [CrossRef]

Froesch, E.R.; Buergi, H.; Ramseier, E.B.; Bally, P.; Labhart, A. Antibody-Suppressible and Nonsuppressible
Insulin-Like Activities in Human Serum and Their Physiologic Significance. An Insulin Assay with Adipose
Tissue of Increased Precision and Specificity. J. Clin. Investig. 1963, 42, 1816-1834. [CrossRef]
Rinderknecht, E.; Humbel, R.E. Amino-terminal sequences of two polypeptides from human serum with
nonsuppressible insulin-like and cell-growth-promoting activities: Evidence for structural homology with
insulin B chain. Proc. Natl. Acad. Sci. USA 1976, 73, 4379-4381. [CrossRef]

Gluckman, P.D.; Pinal, C.S. Regulation of fetal growth by the somatotrophic axis. J. Nutr. 2003, 133,
17415-1746S. [CrossRef] [PubMed]

Holly, J.; Sabin, M.; Perks, C.; Shield, J. Adipogenesis and IGF-1. Metab. Syndr. Relat. Disord. 2006, 4, 43-50.
[CrossRef] [PubMed]

Gregoire, EM.; Smas, C.M.; Sul, H.S. Understanding adipocyte differentiation. Physiol. Rev. 1998, 78, 783-809.
[CrossRef] [PubMed]

Wright, ].T.; Hausman, G.J. Insulinlike growth factor-1 (IGF-1)-induced stimulation of porcine preadipocyte
replication. In Vitro. Cell Dev. Biol. Anim. 1995, 31, 404-408. [CrossRef]

Suryawan, A.; Swanson, L.V,; Hu, C.Y. Insulin and hydrocortisone, but not triiodothyronine, are required
for the differentiation of pig preadipocytes in primary culture. J. Anim. Sci. 1997, 75, 105-111. [CrossRef]
[PubMed]

Back, K,; Brannmark, C.; Stralfors, P.; Arnqvist, H.J. Differential effects of IGF-I, IGF-II and insulin in human
preadipocytes and adipocytes-role of insulin and IGF-I receptors. Mol. Cell Endocrinol. 2011, 339, 130-135.
[CrossRef]

Despres, ].P.; Lemieux, I. Abdominal obesity and metabolic syndrome. Nature 2006, 444, 881-887. [CrossRef]
Grohmann, M.; Sabin, M.; Holly, J.; Shield, J.; Crowne, E.; Stewart, C. Characterization of differentiated
subcutaneous and visceral adipose tissue from children: The influences of TNF-alpha and IGF-1. J. Lipid Res.
2005, 46, 93-103. [CrossRef]

Lundgren, M.; Buren, J.; Ruge, T.; Myrnas, T.; Eriksson, ].W. Glucocorticoids down-regulate glucose uptake
capacity and insulin-signaling proteins in omental but not subcutaneous human adipocytes. |. Clin. Endocrinol.
Metab. 2004, 89, 2989-2997. [CrossRef]

Alfares, M.N.; Perks, C.M.; Hamilton-Shield, ].P.; Holly, ]. M.P. Insulin-like growth factor-II in adipocyte
regulation: Depot-specific actions suggest a potential role limiting excess visceral adiposity. Am. J. Physiol.
Endocrinol. Metab. 2018, 315, E1098-E1107. [CrossRef]

Florini, ].R.; Magri, K.A.; Ewton, D.Z.; James, P.L.; Grindstaff, K.; Rotwein, P.S. “Spontaneous” differentiation
of skeletal myoblasts is dependent upon autocrine secretion of insulin-like growth factor-II. J. Biol. Chem.
1991, 266, 15917-15923. [PubMed]

Wilson, E.M.; Hsieh, M.M.; Rotwein, P. Autocrine growth factor signaling by insulin-like growth factor-II
mediates MyoD-stimulated myocyte maturation. J. Biol. Chem. 2003, 278, 41109-41113. [CrossRef] [PubMed]
Wilson, E.M.; Rotwein, P. Control of MyoD function during initiation of muscle differentiation by an autocrine
signaling pathway activated by insulin-like growth factor-II. J. Biol. Chem. 2006, 281, 29962-29971. [CrossRef]
[PubMed]

Zierath, J.R.; Bang, P; Galuska, D.; Hall, K.; Wallberg-Henriksson, H. Insulin-like growth factor II stimulates
glucose transport in human skeletal muscle. FEBS Lett. 1992, 307, 379-382. [CrossRef]

Hiden, U; Glitzner, E.; Hartmann, M.; Desoye, G. Insulin and the IGF system in the human placenta of
normal and diabetic pregnancies. J. Anat 2009, 215, 60-68. [CrossRef] [PubMed]

Li, J.; Fu, Z; Jiang, H.; Chen, L.; Wu, X,; Ding, H.; Xia, Y.; Wang, X.; Tang, Q.; Wu, W. IGF2-derived miR-483-3p
contributes to macrosomia through regulating trophoblast proliferation by targeting RB1CC1. Mol. Hum.
Reprod. 2018, 24, 444-452. [CrossRef] [PubMed]

Chen, X.J.; Chen, F; Lv, PP; Zhang, D.; Ding, G.L.; Hu, X.L.; Feng, C.; Sheng, ].Z.; Huang, H.F. Maternal
high estradiol exposure alters CDKN1C and IGF2 expression in human placenta. Placenta 2018, 61, 72-79.
[CrossRef]

Song, C.; Yang, Z.; Dong, D.; Xu, J.; Wang, J.; Li, H.; Huang, Y,; Lan, X,; Lei, C.; Ma, Y.; et al. miR-483 inhibits
bovine myoblast cell proliferation and differentiation via IGF1/PI3K/AKT signal pathway. J. Cell Physiol.
2019, 234, 9839-9848. [CrossRef]


http://dx.doi.org/10.1038/ng704
http://dx.doi.org/10.1172/JCI104866
http://dx.doi.org/10.1073/pnas.73.12.4379
http://dx.doi.org/10.1093/jn/133.5.1741S
http://www.ncbi.nlm.nih.gov/pubmed/12730493
http://dx.doi.org/10.1089/met.2006.4.43
http://www.ncbi.nlm.nih.gov/pubmed/18370770
http://dx.doi.org/10.1152/physrev.1998.78.3.783
http://www.ncbi.nlm.nih.gov/pubmed/9674695
http://dx.doi.org/10.1007/BF02634290
http://dx.doi.org/10.2527/1997.751105x
http://www.ncbi.nlm.nih.gov/pubmed/9027554
http://dx.doi.org/10.1016/j.mce.2011.04.005
http://dx.doi.org/10.1038/nature05488
http://dx.doi.org/10.1194/jlr.M400295-JLR200
http://dx.doi.org/10.1210/jc.2003-031157
http://dx.doi.org/10.1152/ajpendo.00409.2017
http://www.ncbi.nlm.nih.gov/pubmed/1651927
http://dx.doi.org/10.1074/jbc.C300299200
http://www.ncbi.nlm.nih.gov/pubmed/12941952
http://dx.doi.org/10.1074/jbc.M605445200
http://www.ncbi.nlm.nih.gov/pubmed/16901893
http://dx.doi.org/10.1016/0014-5793(92)80717-U
http://dx.doi.org/10.1111/j.1469-7580.2008.01035.x
http://www.ncbi.nlm.nih.gov/pubmed/19467150
http://dx.doi.org/10.1093/molehr/gay027
http://www.ncbi.nlm.nih.gov/pubmed/29939354
http://dx.doi.org/10.1016/j.placenta.2017.11.009
http://dx.doi.org/10.1002/jcp.27672

Cells 2019, 8, 1207 28 of 32

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Ferland-McCollough, D.; Fernandez-Twinn, D.S.; Cannell, I.G.; David, H.; Warner, M.; Vaag, A.A,;
Bork-Jensen, J.; Brons, C.; Gant, TW.; Willis, A.E; et al. Programming of adipose tissue miR-483-3p
and GDEF-3 expression by maternal diet in type 2 diabetes. Cell Death Differ. 2012, 19, 1003-1012. [CrossRef]
Chen, K.; He, H.; Xie, Y.; Zhao, L.; Zhao, S.; Wan, X.; Yang, W.; Mo, Z. miR-125a-3p and miR-483-5p promote
adipogenesis via suppressing the RhoA/ROCK1/ERK1/2 pathway in multiple symmetric lipomatosis. Sci.
Rep. 2015, 5, 11909. [CrossRef]

Escribano, O.; Gomez-Hernandez, A.; Diaz-Castroverde, S.; Nevado, C.; Garcia, G.; Otero, Y.F; Perdomo, L.;
Beneit, N.; Benito, M. Insulin receptor isoform A confers a higher proliferative capability to pancreatic beta
cells enabling glucose availability and IGF-I signaling. Mol. Cell Endocrinol. 2015, 409, 82-91. [CrossRef]
[PubMed]

Goyal, N.; Sivadas, A.; Shamsudheen, K.V.; Jayarajan, R.; Verma, A.; Sivasubbu, S.; Scaria, V.; Datta, M.
RNA sequencing of db/db mice liver identifies IncRNA H19 as a key regulator of gluconeogenesis and
hepatic glucose output. Sci. Rep. 2017, 7, 8312. [CrossRef] [PubMed]

Zhang, N.; Geng, T.; Wang, Z.; Zhang, R.; Cao, T.; Camporez, ].P; Cai, S.Y.; Liu, Y.; Dandolo, L.; Shulman, G.I;
et al. Elevated hepatic expression of H19 long noncoding RNA contributes to diabetic hyperglycemia. JCI
Insight 2018, 3. [CrossRef] [PubMed]

Geng, T.; Liu, Y;; Xu, Y,; Jiang, Y.; Zhang, N.; Wang, Z.; Carmichael, G.G.; Taylor, H.S,; Li, D.; Huang, Y.
H19 IncRNA Promotes Skeletal Muscle Insulin Sensitivity in Part by Targeting AMPK. Diabetes 2018, 67,
2183-2198. [CrossRef]

Jiang, S. A Regulator of Metabolic Reprogramming: MicroRNA Let-7. Transl. Oncol. 2019, 12, 1005-1013.
[CrossRef]

Dey, B.K,; Pfeifer, K.; Dutta, A. The H19 long noncoding RNA gives rise to microRNAs miR-675-3p and
miR-675-5p to promote skeletal muscle differentiation and regeneration. Genes Dev. 2014, 28, 491-501.
[CrossRef]

Lewis, A.; Lee, ].Y,; Donaldson, A.V,; Natanek, S.A.; Vaidyanathan, S.; Man, W.D.; Hopkinson, N.S.;
Sayer, A.A.; Patel, H.P; Cooper, C.; et al. Increased expression of H19/miR-675 is associated with a low
fat-free mass index in patients with COPD. |. Cachexia Sarcopenia Muscle 2016, 7, 330-344. [CrossRef]

Luo, H.; Wang, J.; Liu, D.; Zang, S.; Ma, N.; Zhao, L.; Zhang, L.; Zhang, X.; Qiao, C. The IncRNA H19/miR-675
axis regulates myocardial ischemic and reperfusion injury by targeting PPARalpha. Mol. Immunol. 2019, 105,
46-54. [CrossRef]

Desvergne, B.; Wahli, W. Peroxisome proliferator-activated receptors: Nuclear control of metabolism. Endocr.
Rev. 1999, 20, 649-688. [CrossRef]

Yi, X,; Liu, J.; Wu, P; Gong, Y.; Xu, X.; Li, W. The key microRNA on lipid droplet formation during
adipogenesis from human mesenchymal stem cells. J. Cell Physiol. 2019. [CrossRef]

Nevado, C.; Valverde, A.M.; Benito, M. Role of insulin receptor in the regulation of glucose uptake in neonatal
hepatocytes. Endocrinology 2006, 147, 3709-3718. [CrossRef]

Diaz-Castroverde, S.; Gomez-Hernandez, A.; Fernandez, S.; Garcia-Gomez, G.; Di Scala, M.;
Gonzalez-Aseguinolaza, G.; Fernandez-Millan, E.; Gonzalez-Rodriguez, A.; Garcia-Bravo, M.; Chambon, P;
et al. Insulin receptor isoform A ameliorates long-term glucose intolerance in diabetic mice. Dis. Model.
Mech. 2016, 9, 1271-1281. [CrossRef] [PubMed]

Nica, A.C.; Ongen, H.; Irminger, J.C.; Bosco, D.; Berney, T.; Antonarakis, S.E.; Halban, P.A.; Dermitzakis, E.T.
Cell-type, allelic, and genetic signatures in the human pancreatic beta cell transcriptome. Genome Res. 2013,
23, 1554-1562. [CrossRef] [PubMed]

Hill, D.J.; Strutt, B.; Arany, E.; Zaina, S.; Coukell, S.; Graham, C.F. Increased and persistent circulating
insulin-like growth factor Il in neonatal transgenic mice suppresses developmental apoptosis in the pancreatic
islets. Endocrinology 2000, 141, 1151-1157. [CrossRef] [PubMed]

Cornu, M.; Yang, J.Y.; Jaccard, E.; Poussin, C.; Widmann, C.; Thorens, B. Glucagon-like peptide-1 protects
beta-cells against apoptosis by increasing the activity of an IGF-2/IGF-1 receptor autocrine loop. Diabetes
2009, 58, 1816-1825. [CrossRef] [PubMed]

Modi, H.; Jacovetti, C.; Tarussio, D.; Metref, S.; Madsen, O.D.; Zhang, F.P.; Rantakari, P; Poutanen, M.; Nef, S.;
Gorman, T,; et al. Autocrine Action of IGF2 Regulates Adult beta-Cell Mass and Function. Diabetes 2015, 64,
4148-4157. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/cdd.2011.183
http://dx.doi.org/10.1038/srep11909
http://dx.doi.org/10.1016/j.mce.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25797178
http://dx.doi.org/10.1038/s41598-017-08281-7
http://www.ncbi.nlm.nih.gov/pubmed/28814771
http://dx.doi.org/10.1172/jci.insight.120304
http://www.ncbi.nlm.nih.gov/pubmed/29769440
http://dx.doi.org/10.2337/db18-0370
http://dx.doi.org/10.1016/j.tranon.2019.04.013
http://dx.doi.org/10.1101/gad.234419.113
http://dx.doi.org/10.1002/jcsm.12078
http://dx.doi.org/10.1016/j.molimm.2018.11.011
http://dx.doi.org/10.1210/edrv.20.5.0380
http://dx.doi.org/10.1002/jcp.28621
http://dx.doi.org/10.1210/en.2005-1663
http://dx.doi.org/10.1242/dmm.025288
http://www.ncbi.nlm.nih.gov/pubmed/27562101
http://dx.doi.org/10.1101/gr.150706.112
http://www.ncbi.nlm.nih.gov/pubmed/23716500
http://dx.doi.org/10.1210/endo.141.3.7354
http://www.ncbi.nlm.nih.gov/pubmed/10698192
http://dx.doi.org/10.2337/db09-0063
http://www.ncbi.nlm.nih.gov/pubmed/19401425
http://dx.doi.org/10.2337/db14-1735
http://www.ncbi.nlm.nih.gov/pubmed/26384384

Cells 2019, 8, 1207 29 of 32

167.

168.

169.

170.

171.
172.

173.

174.

175.

176.
177.

178.

179.
180.

181.

182.

183.

184.

185.

186.

187.

188.

Casellas, A.; Mallol, C.; Salavert, A.; Jimenez, V.; Garcia, M.; Agudo, J.; Obach, M.; Haurigot, V.; Vila, L.;
Molas, M.; et al. Insulin-like Growth Factor 2 Overexpression Induces beta-Cell Dysfunction and Increases
Beta-cell Susceptibility to Damage. J. Biol. Chem. 2015, 290, 16772-16785. [CrossRef]

Sanchez-Parra, C.; Jacovetti, C.; Dumortier, O.; Lee, K.; Peyot, M.L.; Guay, C.; Prentki, M.; Laybutt, D.R,;
Van Obberghen, E.; Regazzi, R. Contribution of the Long Noncoding RNA H19 to beta-Cell Mass Expansion
in Neonatal and Adult Rodents. Diabetes 2018, 67, 2254-2267. [CrossRef]

Mohan, R.; Mao, Y.; Zhang, S.; Zhang, YW.; Xu, C.R.; Gradwohl, G.; Tang, X. Differentially Expressed
MicroRNA-483 Confers Distinct Functions in Pancreatic beta- and alpha-Cells. ]. Biol. Chem. 2015, 290,
19955-19966. [CrossRef]

Durante, F. Nesso fisio-pathologico tra la struttura dei nei materni e la genesi di alcuni tumori maligni. Arch.
Mem. Ed. Oss. Di Chirugia Pract. 1874, 11, 217-226.

Liu, J. The dualistic origin of human tumors. Semin. Cancer Biol. 2018, 53, 1-16. [CrossRef]

Milanovic, M.; Yu, Y.; Schmitt, C.A. The Senescence-Stemness Alliance—A Cancer-Hijacked Regeneration
Principle. Trends Cell Biol. 2018, 28, 1049-1061. [CrossRef] [PubMed]

Vinnitsky, V. The development of a malignant tumor is due to a desperate asexual self-cloning process in
which cancer stem cells develop the ability to mimic the genetic program of germline cells. Intrinsically
Disord. Proteins 2014, 2, €29997. [CrossRef]

Brouwer-Visser, J.; Huang, G.S. IGF2 signaling and regulation in cancer. Cytokine Growth Factor Rev. 2015, 26,
371-377. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]
[PubMed]

Livingstone, C. IGF2 and cancer. Endocr Relat Cancer. 2013, 20, R321-R339. [CrossRef]

Halje, M.; Nordin, M.; Bergman, D.; Engstrom, W. Review: The effect of insulin-like growth factor II in the
regulation of tumour cell growth in vitro and tumourigenesis in vivo. In Vivo 2012, 26, 519-526.

Rainier, S.; Johnson, L.A.; Dobry, CJ.; Ping, A.].; Grundy, P.E.; Feinberg, A.P. Relaxation of imprinted genes
in human cancer. Nature 1993, 362, 747-749. [CrossRef]

Ward, A. Beck-Wiedemann syndrome and Wilms’ tumour. Mol. Hum. Reprod. 1997, 3, 157-168. [CrossRef]
Leick, M.B.; Shoff, C.J.; Wang, E.C.; Congress, J.L.; Gallicano, G.I. Loss of imprinting of IGF2 and the
epigenetic progenitor model of cancer. Am. J. Stem Cells 2012, 1, 59-74.

Grbesa, I.; Marinkovic, M.; Ivkic, M.; Kruslin, B.; Novak-Kujundzic, R.; Pegan, B.; Bogdanovic, O.;
Bedekovic, V.; Gall-Troselj, K. Loss of imprinting of IGF2 and H19, loss of heterozygosity of IGF2R
and CTCEF, and Helicobacter pylori infection in laryngeal squamous cell carcinoma. J. Mol. Med. (Berl.) 2008,
86, 1057-1066. [CrossRef] [PubMed]

Maenaka, S.; Hikichi, T.; Imai, M.A.; Minamoto, T.; Kawahara, E. Loss of imprinting in IGF2 in colorectal
carcinoma assessed by microdissection. Oncol. Rep. 2006, 15, 791-795. [CrossRef] [PubMed]

Nakagawa, H.; Chadwick, R.B.; Peltomaki, P; Plass, C.; Nakamura, Y.; de La Chapelle, A. Loss of imprinting
of the insulin-like growth factor II gene occurs by biallelic methylation in a core region of H19-associated
CTCF-binding sites in colorectal cancer. Proc. Natl. Acad. Sci. USA 2001, 98, 591-596. [CrossRef] [PubMed]
Bhusari, S.; Yang, B.; Kueck, J.; Huang, W.; Jarrard, D.F. Insulin-like growth factor-2 (IGF2) loss of imprinting
marks a field defect within human prostates containing cancer. Prostate 2011, 71, 1621-1630. [CrossRef]
[PubMed]

Fu, VXX,; Dobosy, J.R.; Desotelle, J.A.; Almassi, N.; Ewald, J.A.; Srinivasan, R.; Berres, M.; Svaren, J.;
Weindruch, R.; Jarrard, D.F. Aging and cancer-related loss of insulin-like growth factor 2 imprinting in the
mouse and human prostate. Cancer Res. 2008, 68, 6797—-6802. [CrossRef]

Holly, ].M.; Zeng, L.; Perks, C.M. Epithelial cancers in the post-genomic era: Should we reconsider our
lifestyle? Cancer Metastasis Rev. 2013, 32, 673-705. [CrossRef]

Sakatani, T.; Kaneda, A.; lacobuzio-Donahue, C.A.; Carter, M.G.; de Boom Witzel, S.; Okano, H.; Ko, M.S.;
Ohlsson, R.; Longo, D.L.; Feinberg, A.P. Loss of imprinting of Igf2 alters intestinal maturation and
tumorigenesis in mice. Science 2005, 307, 1976-1978. [CrossRef]

Damaschke, N.A.; Yang, B.; Bhusari, S.; Avilla, M.; Zhong, W.; Blute, M.L., Jr.; Huang, W.; Jarrard, D.F. Loss of
Igf2 Gene Imprinting in Murine Prostate Promotes Widespread Neoplastic Growth. Cancer Res. 2017, 77,
5236-5247. [CrossRef]


http://dx.doi.org/10.1074/jbc.M115.642041
http://dx.doi.org/10.2337/db18-0201
http://dx.doi.org/10.1074/jbc.M115.650705
http://dx.doi.org/10.1016/j.semcancer.2018.07.004
http://dx.doi.org/10.1016/j.tcb.2018.09.001
http://www.ncbi.nlm.nih.gov/pubmed/30253901
http://dx.doi.org/10.4161/idp.29997
http://dx.doi.org/10.1016/j.cytogfr.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25704323
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1530/ERC-13-0231
http://dx.doi.org/10.1038/362747a0
http://dx.doi.org/10.1093/molehr/3.2.157
http://dx.doi.org/10.1007/s00109-008-0369-4
http://www.ncbi.nlm.nih.gov/pubmed/18604514
http://dx.doi.org/10.3892/or.15.4.791
http://www.ncbi.nlm.nih.gov/pubmed/16525660
http://dx.doi.org/10.1073/pnas.98.2.591
http://www.ncbi.nlm.nih.gov/pubmed/11120891
http://dx.doi.org/10.1002/pros.21379
http://www.ncbi.nlm.nih.gov/pubmed/21432864
http://dx.doi.org/10.1158/0008-5472.CAN-08-1714
http://dx.doi.org/10.1007/s10555-013-9445-5
http://dx.doi.org/10.1126/science.1108080
http://dx.doi.org/10.1158/0008-5472.CAN-16-3089

Cells 2019, 8, 1207 30 of 32

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

Cui, H.; Cruz-Correa, M.; Giardiello, EM.; Hutcheon, D.E,; Kafonek, D.R.; Brandenburg, S.; Wu, Y.; He, X,;
Powe, N.R,; Feinberg, A.P. Loss of IGF2 imprinting: A potential marker of colorectal cancer risk. Science
2003, 299, 1753-1755. [CrossRef]

Woodson, K.; Flood, A.; Green, L.; Tangrea, J.A.; Hanson, J.; Cash, B.; Schatzkin, A.; Schoenfeld, P. Loss of
insulin-like growth factor-II imprinting and the presence of screen-detected colorectal adenomas in women.
J. Natl. Cancer Inst. 2004, 96, 407-410. [CrossRef]

Malaguarnera, R.; Belfiore, A. The emerging role of insulin and insulin-like growth factor signaling in cancer
stem cells. Front. Endocrinol. (Lausanne) 2014, 5, 10. [CrossRef] [PubMed]

Ratajczak, M.Z.; Shin, D.M.; Schneider, G.; Ratajczak, J.; Kucia, M. Parental imprinting regulates insulin-like
growth factor signaling: A Rosetta Stone for understanding the biology of pluripotent stem cells, aging and
cancerogenesis. Leukemia 2013, 27, 773-779. [CrossRef] [PubMed]

Baba, Y.; Nosho, K.; Shima, K.; Huttenhower, C.; Tanaka, N.; Hazra, A.; Giovannucci, E.L.; Fuchs, C.S.;
Ogino, S. Hypomethylation of the IGF2 DMR in colorectal tumors, detected by bisulfite pyrosequencing,
is associated with poor prognosis. Gastroenterology 2010, 139, 1855-1864. [CrossRef] [PubMed]

Lu, L,; Katsaros, D.; Canuto, E.M.; Biglia, N.; Risch, H.A.; Yu, H. LIN-28B/let-7a/IGF-II axis molecular subtypes
are associated with epithelial ovarian cancer prognosis. Gynecol. Oncol. 2016, 141, 121-127. [CrossRef]
[PubMed]

Tahara, T.; Tahara, S.; Horiguchi, N.; Kawamura, T.; Okubo, M.; Yamada, H.; Yoshida, D.; Ohmori, T,;
Maeda, K.; Komura, N.; et al. Methylation status of IGF2 DMR and LINE1 in leukocyte DNA provides
distinct clinicopathological features of gastric cancer patients. Clin. Exp. Med. 2018, 18, 215-220. [CrossRef]
Van Arsdale, A.R.; Arend, R.C.; Cossio, M.].; Erickson, B.K.; Wang, Y.; Doo, D.W.; Leath, C.A.; Goldberg, G.L.;
Huang, G.S. Insulin-like growth factor 2: A poor prognostic biomarker linked to racial disparity in women
with uterine carcinosarcoma. Cancer Med. 2018, 7, 616-625. [CrossRef]

Gao, T; Liu, X;; He, B.; Nie, Z.; Zhu, C.; Zhang, P.; Wang, S. Exosomal IncRNA 91H is associated with poor
development in colorectal cancer by modifying HNRNPK expression. Cancer Cell Int. 2018, 18, 11. [CrossRef]
Han, D.; Gao, X.; Wang, M.; Qiao, Y.; Xu, Y.; Yang, ].; Dong, N.; He, J.; Sun, Q.; Lv, G.; et al. Long noncoding
RNA H19 indicates a poor prognosis of colorectal cancer and promotes tumor growth by recruiting and
binding to eIF4A3. Oncotarget 2016, 7, 22159-22173. [CrossRef]

Li, H.; Yu, B,; Li, J.; Su, L.; Yan, M.; Zhu, Z.; Liu, B. Overexpression of IncRNA H19 enhances carcinogenesis
and metastasis of gastric cancer. Oncotarget 2014, 5, 2318-2329. [CrossRef]

Liu, K;; Jin, J.; Rong, K.; Zhuo, L.; Li, P. MicroRNA675 inhibits cell proliferation and invasion in melanoma
by directly targeting metadherin. Mol. Med. Rep. 2018, 17, 3372-3379. [CrossRef]

Lv, M,; Zhong, Z.; Huang, M.; Tian, Q.; Jiang, R.; Chen, J. IncRNA H19 regulates epithelial-mesenchymal
transition and metastasis of bladder cancer by miR-29b-3p as competing endogenous RNA. Biochim. Biophys.
Acta Mol. Cell Res. 2017, 1864, 1887-1899. [CrossRef] [PubMed]

Matouk, 1.J.; Raveh, E.; Abu-lail, R.; Mezan, S.; Gilon, M.; Gershtain, E.; Birman, T.; Gallula, J.; Schneider, T.;
Barkali, M.; et al. Oncofetal H19 RNA promotes tumor metastasis. Biochim. Biophys. Acta 2014, 1843,
1414-1426. [CrossRef] [PubMed]

Salvianti, F.; Canu, L.; Poli, G.; Armignacco, R.; Scatena, C.; Cantini, G.; Di Franco, A.; Gelmini, S.; Ercolino, T.;
Pazzagli, M.; et al. New insights in the clinical and translational relevance of miR483-5p in adrenocortical
cancer. Oncotarget 2017, 8, 65525-65533. [CrossRef] [PubMed]

Shi, Y.; Wang, Y.; Luan, W.; Wang, P; Tao, T.; Zhang, J.; Qian, J.; Liu, N.; You, Y. Long non-coding RNA H19
promotes glioma cell invasion by deriving miR-675. PLoS ONE 2014, 9, e86295. [CrossRef] [PubMed]

Si, X.; Zang, R.; Zhang, E.; Liu, Y.; Shi, X.; Zhang, E.; Shao, L.; Li, A.; Yang, N.; Han, X,; et al. LncRNA H19
confers chemoresistance in ERalpha-positive breast cancer through epigenetic silencing of the pro-apoptotic
gene BIK. Oncotarget 2016, 7, 81452-81462. [CrossRef]

Tan, D.; Wu, Y.; Hu, L.; He, P; Xiong, G.; Bai, Y.; Yang, K. Long noncoding RNA H19 is up-regulated in
esophageal squamous cell carcinoma and promotes cell proliferation and metastasis. Dis. Esophagus 2017, 30,
1-9. [CrossRef]


http://dx.doi.org/10.1126/science.1080902
http://dx.doi.org/10.1093/jnci/djh042
http://dx.doi.org/10.3389/fendo.2014.00010
http://www.ncbi.nlm.nih.gov/pubmed/24550888
http://dx.doi.org/10.1038/leu.2012.322
http://www.ncbi.nlm.nih.gov/pubmed/23135355
http://dx.doi.org/10.1053/j.gastro.2010.07.050
http://www.ncbi.nlm.nih.gov/pubmed/20682317
http://dx.doi.org/10.1016/j.ygyno.2015.12.035
http://www.ncbi.nlm.nih.gov/pubmed/26751131
http://dx.doi.org/10.1007/s10238-017-0471-4
http://dx.doi.org/10.1002/cam4.1335
http://dx.doi.org/10.1186/s12935-018-0506-2
http://dx.doi.org/10.18632/oncotarget.8063
http://dx.doi.org/10.18632/oncotarget.1913
http://dx.doi.org/10.3892/mmr.2017.8264
http://dx.doi.org/10.1016/j.bbamcr.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28779971
http://dx.doi.org/10.1016/j.bbamcr.2014.03.023
http://www.ncbi.nlm.nih.gov/pubmed/24703882
http://dx.doi.org/10.18632/oncotarget.19118
http://www.ncbi.nlm.nih.gov/pubmed/29029450
http://dx.doi.org/10.1371/journal.pone.0086295
http://www.ncbi.nlm.nih.gov/pubmed/24466011
http://dx.doi.org/10.18632/oncotarget.13263
http://dx.doi.org/10.1111/dote.12481

Cells 2019, 8, 1207 31 of 32

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Vennin, C.; Spruyt, N.; Dahmani, F; Julien, S.; Bertucci, F.; Finetti, P.; Chassat, T.; Bourette, R.P; Le Bourhis, X.;
Adriaenssens, E. H19 non coding RNA-derived miR-675 enhances tumorigenesis and metastasis of breast
cancer cells by downregulating c-Cbl and Cbl-b. Oncotarget 2015, 6, 29209-29223. [CrossRef]

Wang, Q.; Cheng, N.; Li, X.; Pan, H.; Li, C.; Ren, S.; Su, C.; Cai, W.; Zhao, C.; Zhang, L.; et al. Correlation of
long non-coding RNA H19 expression with cisplatin-resistance and clinical outcome in lung adenocarcinoma.
Oncotarget 2017, 8, 2558-2567. [CrossRef]

Yang, X.; Lou, Y.; Wang, M.; Liu, C.; Liu, Y.; Huang, W. miR675 promotes colorectal cancer cell growth
dependent on tumor suppressor DMTF1. Mol. Med. Rep. 2019, 19, 1481-1490. [CrossRef]

Yang, Y.; Meng, Q.; Wang, C.; Li, X.; Lu, Y.; Xin, X.; Zheng, Q.; Lu, D. MicroRNA 675 cooperates PKM2 to
aggravate progression of human liver cancer stem cells induced from embryonic stem cells. J. Mol. Med.
(Berl.) 2018, 96, 1119-1130. [CrossRef]

Zhang, D.-M.; Lin, Z.-Y.; Yang, Z.-H.; Wang, Y.-Y.; Wan, D.; Zhong, J.-L.; Zhuang, P.-L.; Huang, Z.-Q.;
Zhou, B.; Chen, W.-L. IncRNA H19 promotes tongue squamous cell carcinoma progression through
(3-catenin/GSK3p/EMT signaling via association with EZH2. Am. |. Transl. Res. 2017, 9, 3474-3486. [PubMed]
Zheng, Z.G.; Xu, H,; Suo, S.S.; Xu, X.L.; Ni, M.\W,; Gu, L.H.; Chen, W.; Wang, L.Y.; Zhao, Y,; Tian, B.; et al.
The Essential Role of H19 Contributing to Cisplatin Resistance by Regulating Glutathione Metabolism in
High-Grade Serous Ovarian Cancer. Sci. Rep. 2016, 6, 26093. [CrossRef] [PubMed]

Zhou, YW.,; Zhang, H.; Duan, CJ.; Gao, Y.; Cheng, Y.D.; He, D.; Li, R.; Zhang, C.F. miR-675-5p enhances
tumorigenesis and metastasis of esophageal squamous cell carcinoma by targeting REPS2. Oncotarget 2016,
7,30730-30747. [CrossRef] [PubMed]

He, H.; Wang, N.; Yi, X.; Tang, C.; Wang, D. Long non-coding RNA H19 regulates E2F1 expression by
competitively sponging endogenous miR-29a-3p in clear cell renal cell carcinoma. Cell Biosci. 2017. [CrossRef]
Abue, M.; Yokoyama, M.; Shibuya, R.; Tamai, K.; Yamaguchi, K.; Sato, I.; Tanaka, N.; Hamada, S.;
Shimosegawa, T.; Sugamura, K.; et al. Circulating miR-483-3p and miR-21 is highly expressed in plasma of
pancreatic cancer. Int. J. Oncol. 2015, 46, 539-547. [CrossRef]

Zhang, Y.; Hu, J.F; Wang, H.; Cui, J.; Gao, S.; Hoffman, A.R.; Li, W. CRISPR Cas9-guided chromatin
immunoprecipitation identifies miR483 as an epigenetic modulator of IGF2 imprinting in tumors. Oncotarget
2017, 8, 34177-34190. [CrossRef]

Lecerf, C.; Le Bourhis, X.; Adriaenssens, E. The long non-coding RNA H19: An active player with multiple
facets to sustain the hallmarks of cancer. Cell Mol. Life Sci. 2019. [CrossRef]

Raveh, E.; Matouk, L].; Gilon, M.; Hochberg, A. The H19 Long non-coding RNA in cancer initiation,
progression and metastasis—A proposed unifying theory. Mol. Cancer 2015, 14, 184. [CrossRef]
Yoshimura, H.; Matsuda, Y.; Yamamoto, M.; Kamiya, S.; Ishiwata, T. Expression and role of long non-coding
RNA H19 in carcinogenesis. Front. Biosci. (Landmark Ed.) 2018, 23, 614—625.

Lu, Y; Song, S.; Jiang, X.; Meng, Q.; Wang, C.; Li, X,; Yang, Y.; Xin, X.; Zheng, Q.; Wang, L.; et al. miR675
Accelerates Malignant Transformation of Mesenchymal Stem Cells by Blocking DNA Mismatch Repair. Mol.
Nucleic Acids 2019, 14, 171-183. [CrossRef]

Kim, H.Y.; Ha Thi, H.T.; Hong, S. IMP2 and IMP3 cooperate to promote the metastasis of triple-negative
breast cancer through destabilization of progesterone receptor. Cancer Lett. 2018, 415, 30-39. [CrossRef]
[PubMed]

Lee, A.S. Glucose-regulated proteins in cancer: Molecular mechanisms and therapeutic potential. Nat. Rev.
Cancer 2014, 14, 263-276. [CrossRef] [PubMed]

Wu, B.X.; Hong, F; Zhang, Y.; Ansa-Addo, E.; Li, Z. GRP94/gp96 in Cancer: Biology, Structure, Inmunology,
and Drug Development. Adv. Cancer Res. 2016, 129, 165-190. [CrossRef] [PubMed]

Arner, P. Human fat cell lipolysis: Biochemistry, regulation and clinical role. Best. Pract. Res. Clin. Endocrinol.
Metab. 2005, 19, 471-482. [CrossRef]

Klein, S.; Fontana, L.; Young, V.L.; Coggan, A.R.; Kilo, C.; Patterson, B.W.; Mohammed, B.S. Absence of
an effect of liposuction on insulin action and risk factors for coronary heart disease. N. Engl. . Med. 2004,
350, 2549-2557. [CrossRef]


http://dx.doi.org/10.18632/oncotarget.4976
http://dx.doi.org/10.18632/oncotarget.13708
http://dx.doi.org/10.3892/mmr.2018.9780
http://dx.doi.org/10.1007/s00109-018-1687-9
http://www.ncbi.nlm.nih.gov/pubmed/28804564
http://dx.doi.org/10.1038/srep26093
http://www.ncbi.nlm.nih.gov/pubmed/27193186
http://dx.doi.org/10.18632/oncotarget.8950
http://www.ncbi.nlm.nih.gov/pubmed/27120794
http://dx.doi.org/10.1186/s13578-017-0193-z
http://dx.doi.org/10.3892/ijo.2014.2743
http://dx.doi.org/10.18632/oncotarget.10918
http://dx.doi.org/10.1007/s00018-019-03240-z
http://dx.doi.org/10.1186/s12943-015-0458-2
http://dx.doi.org/10.1016/j.omtn.2018.11.010
http://dx.doi.org/10.1016/j.canlet.2017.11.039
http://www.ncbi.nlm.nih.gov/pubmed/29217458
http://dx.doi.org/10.1038/nrc3701
http://www.ncbi.nlm.nih.gov/pubmed/24658275
http://dx.doi.org/10.1016/bs.acr.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26916005
http://dx.doi.org/10.1016/j.beem.2005.07.004
http://dx.doi.org/10.1056/NEJMoa033179

Cells 2019, 8, 1207 32 0f 32

226. Andersson, D.P; Thorell, A.; Lofgren, P.; Wirén, M.; Toft, E.; Qvisth, V.; Riserus, U.; Berglund, L.; Naslund, E.;
Bringman, S.; et al. Omentectomy in addition to gastric bypass surgery and influence on insulin sensitivity:
A randomized double blind controlled trial. Clin. Nutr. 2014, 33, 991-996. [CrossRef]

227. Parks, E.J.; Parks, E.J. Changes in fat synthesis influenced by dietary macronutrient content. Proc. Nutr. Soc.
2002, 61, 281-286. [CrossRef]

@ © 2019 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/).



http://dx.doi.org/10.1016/j.clnu.2014.01.004
http://dx.doi.org/10.1079/PNS2002148
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Impediments to Progress 
	IGF-II: An Imprinted Multifunctional Metabolic Genetic Loci 
	Preptin 
	H19 
	miR-675 
	H19 as a miRNA Decoy 
	H19 Interactions with Proteins 
	91H 
	miR-483 
	Other Transcripts 
	The INS/IGF-II Overlapping Region (INSIGF) Read-Through 
	IGF-II Antisense 

	IMPs 
	GRP94 
	Receptors 
	Insulin and IGF-I Receptors 
	IGF-II Receptor 

	IGF Binding Proteins 

	Indications for a Role in Diabetes and Obesity 
	Preptin 
	miR-483 
	H19 
	IMPs 
	IGFBPs 
	Receptors 

	Metabolic Effects of Components of the IGF-II Locus 
	IGF-II 
	Preptin 
	miR-483 
	H19 
	miR-675 
	IMPs 
	Receptors 

	Role of IGF-II in Pancreatic Islet Function 
	IGF-II Locus and Cancer 
	IGF-II 
	Other Components of the IGF-II/H19 Locus 

	Hypothesis: A Fundamental Metabolic Role for IGF-II 
	References

