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Abstract

Context: Type 2 diabetes mellitus (T2DM) and cancer share a variety of risk factors and
pathophysiological features. It is becoming increasingly accepted that the 2 diseases are
related, and thatT2DM increases the risk of certain malignancies.

Objective: This review summarizes recent advancements in the elucidation of functions of
insulin-like growth factor 2 (IGF-2) messenger RNA (mRNA)-binding protein 2 (IGF2BP2)
inT2DM and cancer.

Methods: A PubMed review of the literature was conducted, and search terms included
IGF2BP2, IMP2, or p62 in combination with cancer or T2DM. Additional sources were
identified through manual searches of reference lists. The increased risk of multiple
malignancies and cancer-associated mortality in patients with T2DM is believed to be
driven by insulin resistance, hyperinsulinemia, hyperglycemia, chronic inflammation,
and dysregulation of adipokines and sex hormones. Furthermore, IGF-2 is oncogenic,
and its loss-of-function splice variant is protective against T2DM, which highlights the
pivotal role of this growth factor in the pathogenesis of these 2 diseases. IGF-2 mRNA-
binding proteins, particularly IGF2BP2, are also involved in T2DM and cancer, and
single-nucleotide variations (formerly single-nucleotide polymorphisms) of IGF2BP2
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are associated with both diseases. Deletion of the IGF2BP2 gene in mice improves their
glucose tolerance and insulin sensitivity, and mice with transgenic p62, a splice variant
of IGF2BP2, are prone to diet-induced fatty liver disease and hepatocellular carcinoma,
suggesting the biological significance of IGF2BP2 inT2DM and cancer.

Conclusion: Accumulating evidence has revealed that IGF2BP2 mediates the
pathogenesis of T2DM and cancer by regulating glucose metabolism, insulin sensitivity,
and tumorigenesis. This review provides insight into the potential involvement of this
RNA binding protein in the link betweenT2DM and cancer.

Key Words: IGF-2 mRNA-binding protein 2, cancer, type 2 diabetes mellitus, metabolism, inflammation

Type 2 diabetes mellitus (T2DM) and cancer are 2 chronic
diseases that have become increasingly prevalent on a
global scale and thus pose significant social and economic
burdens. Epidemiological studies and meta-analyses sug-
gest that T2DM increases the risk of many malignancies
and cancer-related mortalities (1-4). Patients with T2DM
are 20% to 300% more likely to develop breast, colo-
rectal, endometrial, hepatobiliary, or pancreatic cancer
compared to the nondiabetic population (5-7), and
cancer patients with T2DM have a 15% to 250% higher
risk of mortality (6). Understanding the linkage between
these 2 diseases and identifying its driving forces are im-
portant for the development of novel interventions for
both diseases.

The biological links between T2DM and cancer are not
completely understood. Metabolic dysregulation, which
is found frequently in patients with prediabetes and dia-
betes, is also a factor in carcinogenesis. Patients with dia-
betes usually have dyslipidemia, with abnormal levels of
triglycerides and a range of high-density and low-density
lipoprotein cholesterols, which increase the risk of cancer
(8). Hyperinsulinemia resulting from increased insulin se-
cretion in diabetic patients and hyperglycemia from de-
railed glycolysis are dominant tumor-promoting factors of
T2DM (9, 10). There have been reports of patients with
T2DM experiencing abnormal secretion of local and sys-
temic inflammatory factors that induce chronic inflamma-
tion, which can be paraneoplastic (11) and is associated
with the excessive production of oxygen free radicals
through oxidative stress (12). These patients also have ab-
normal levels of adipokines, such as leptin and adiponectin.
Leptin mediates multiple signaling cascades that are critical
for cancer cell survival and proliferation by inducing inter-
leukin (IL)-6, signal transducer and activator of transcrip-
tion-3 (STAT3), Src tyrosine kinase, focal adhesion kinase,
phosphatiylinositide-3 kinase (PI3K), extracellular signal-
regulated kinase 1/2, and telomerase in different cancer set-
tings (13-16). On the contrary, adiponectin, which has been
demonstrated to have an anticancerous effect by inhibiting

cell cycle progression, cell invasion and migration, and
inducing apoptosis, is usually reduced in patients with dia-
betes (17-19).

The molecular mechanisms that link T2DM and cancer
also require additional research. Experimental evidence
has shown that insulin and insulin-like growth factors
(IGFs) promote tumor cell mitosis and proliferation (20,
21). Insulin stimulates the synthesis of IGF-1 in the liver
and reduces the synthesis of IGF-binding proteins 1 and
2, resulting in an upregulation of bioactive IGF-1 in the
circulation. Insulin and IGF-1 bind to the insulin receptor
and IGF-1 receptor, respectively, and activate Ras/Raf/
mitogen-activated protein kinase and PI3K/protein kinase
B (Akt) pathways (22-25). The activation of these path-
ways stimulates cell proliferation and tumor growth while
inhibiting apoptosis (26). IGF-2 is oncogenic (27), and its
loss-of-function splice variant is protective against T2DM
(28), which highlights the pivotal role of this growth factor
in the pathogenesis of both diseases.

Similar to the roles of IGF-2 in T2DM and cancer, the
IGF-2 messenger RNA (mRNA)-binding proteins are also
involved in T2DM and cancer, particularly insulin-like
growth factor 2 mRNA-binding protein 2 (IGF2BP2), which
complexes with the IGF-2 transcript to transport it to its
cytoplasmic destination for translation, thereby mediating
its expression and function (29). Importantly, single-
nucleotide variations (SNVs; formerly single-nucleotide
polymorphisms [SNPs]) of IGF2BP2 have also been shown
to be associated with T2DM and cancer (29). Deletion of
the IGF2BP2 gene in mice improves their glucose toler-
ance and insulin sensitivity, and mice with transgenic p62 (a
splice variant of IGF2BP2) (30), are prone to diet-induced
fatty liver disease and hepatocellular carcinoma (HCC) (31,
32), which indicates the biological significance of IGF2BP2
in T2DM and cancer. In the present review, we aim to sum-
marize the recent research advances regarding the potential
contribution of IGF2BP2 to the link between T2DM and
cancer. However, the function of IGF2BP2 in cancer is not
the focus of this review since there has been a recent review
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covering its specific roles in cancer onset and progression,

and the maintenance of cancer stem cells (29).

Brief Introduction to Insulin-Like Growth
Factor 2 Messenger RNA-Binding Protein 2

The human IGF2BP2 gene encodes a 66-kDa full-length
protein composed of 599 amino acids; however, the splice
variant p62 is produced by skipping exon 10 (30). Both
isoforms structurally feature N-terminal RNA-recognition
motif tandem repeats and C-terminal heterogeneous nu-
clear ribonucleoprotein K-homology domains (33). With
differential binding preference to RNA sequences (34-37),
the RNA-recognition motifs and K-homology domains
collaborate to mediate highly specific and affinitive inter-
actions of IGF2BP2 with hundreds of target transcripts
(38). This association is important for the stability, local-
ization, and translation of the transcripts (38, 39) (Fig. 1).
IGF2BP2 has been shown to transport target mRNAs to the
mitochondrial surface (16), and its inhibition blocks the as-
sembly of respiratory complexes I and IV in the mitochon-
dria and impairs their activity (40). These findings support
the functional importance of IGF2BP2 in mitochondrial
assembly, activity, and metabolism (40, 41). At the physio-
logical level, IGF2BP2 is required for embryonic develop-
ment and neural differentiation (see Fig. 1). Dysregulation
of IGF2BP2 leads to a variety of diseases, including T2DM

and cancer.

Insulin-Like Growth Factor 2 Messenger
RNA-Binding Protein 2 and Type 2 Diabetes
Mellitus

Correlation Between Insulin-Like Growth Factor
2 Messenger RNA-Binding Protein 2 and Type 2
Diabetes Mellitus

T2DM is characterized by impaired insulin secretion and
tolerance, hyperinsulinemia, and hyperglycemia, and de-
scribes a group of clinical syndromes resulting from glucose
metabolism disorders triggered by genetic or environmental
factors. It has become a global public health concern with
a wide range of complications, such as hypertension, cor-
onary heart disease, renal failure, and stroke (42). Genetic
factors are at the center of T2DM disease development and
pathogenesis (43, 44), and 40 susceptibility loci have been
described to date (45). More specifically, many SNVs are
associated with an increased risk of T2ZDM (46-48).

In 2007, 3 independent genome-wide association
studies demonstrated a strong association between
genetic variance within the IGF2BP2 gene and human
T2DM (46-48). This finding was consistent with pre-
vious studies that revealed IGF2BP2 SNVs, particularly
754402960 and rs1470579, correlate with the incidence
of T2DM in a range of ethnic groups, including most
populations of European ancestry, Asian ancestry, Indian
populations, and Hispanic/Latino populations (15, 28,
46, 47, 49-62), although a lack of correlation has also

16F2eP2 (R o)
Target mRNA  Araaasaavy
——>  Stability
mRNP ———— Localization
—> Translation
Embryonic Neuronal Metabolism
development differentiation

Figure 1. The structure and function of IGF2BP2. IGF2BP2 consists of 2 N-terminal RRMs and 4 C-terminal KH domains, which are important for the
stability, localization, and translation of the transcript. In addition, IGF2BP2 is involved in a wide range of physiological processes such as embry-
onic development, neuronal differentiation, and metabolism. IGF2BP2, insulin-like growth factor 2 (IGF-2) messenger RNA-binding protein 2; KH,

K-homology; RRM, RNA-recognition motif.
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been documented frequently (16, 63-65). The discrep-
ancy is, nevertheless, unsurprising in view of the multiple
physical factors and genetic events involved in T2DM,
which may overshadow the phenotypes induced by a
SNV. SNV rs4402960 increases the T2DM risk in popu-
lations younger than 55 years, but not in those older
than 60 years (66). This finding is likely associated with
obesity (28, 67, 68), which is a determining factor of
T2DM, mediated by insulin resistance (69, 70).

The contribution of the SNVs 754402960 and
rs1470579, located in the 50-kb second intron of
IGF2BP2, to T2DM remains to be characterized, but it
is predicted to involve the regulation of large noncoding
transcription factors, microRNAs, antisense mRNA,
and alternative splicing (71). However, rs4402960
and rs1470579 may be just agents rather than func-
tional entities. Moreover, many genes in the vicinity of
IGF2BP2, such as diacylglycerol kinase gamma (DGKG),
adiponectin (ADIPOQ), protein phosphatase-1 regula-
tory inhibitor subunit 2 (PPP1R2), mitogen-activated
protein kinase kinase kinase 13 (MAP3K13), alpha 2-HS
glycoprotein (AHSG), and lipase H (LIPH), are known
regulators of metabolic regulation and insulin resistance
(72). The IGF2BP2 SNVs may indirectly contribute to
T2DM through the regulation of these neighboring genes.

However, Greenwald and colleagues (73) and Bysani
et al (74) confirmed that the association of the IGF2BP2
SNPs with T2DM is mediated through the expression of
the IGF2BP2 gene itself and not the neighboring genes.
Greenwald et al generated a high-resolution map of islet
chromatin loops using Hi-C assays in 3 islet samples, and
loops were used to annotate target genes of islet enhancers
defined using data from Assay for Transposase-Accessible
Chromatin using sequencing and published chromatin
immunoprecipitation—-sequencing data (73). This study iden-
tified candidate target genes for thousands of islet enhan-
cers, and found that enhancer looping was correlated with
islet-specific gene expression. The fine-mapping of T2DM
risk variants affecting islet enhancers revealed that the can-
didate target genes of these variants, defined using chromatin
looping and eQTL mapping, were enriched in protein trans-
port and secretion pathways. At IGF2BP2, a fine-mapped
T2DM variant (rs7646518) reduces islet enhancer activity
and IGF2BP2 expression, and conditional inactivation of
IGF2BP2 in mouse islets impairs glucose-stimulated insulin
secretion (73). These studies support the concept that the
IGF2BP2 gene is directly involved in T2DM pathophysi-
ology. Although further multicenter, large-scale studies with
carefully defined ethnic and genetic stratifications are re-
quired, it is generally accepted that IGF2BP2 gene variations
are associated with an increased risk of T2DM.

Potential Mechanisms Linking Insulin-Like
Growth Factor 2 Messenger RNA-Binding Protein
2 andType 2 Diabetes Mellitus

IGF2BP2 expression is maintained after birth in several
organs, including the pancreas (75, 76), and alterations
to IGF2BP2 underlie various disorders. Patients with a C
allele of rs1470579 exhibit higher levels of fasting blood
glucose, postprandial insulin, and cholesterol compared to
those with AA alleles (57). The SNV rs4402960 leads to an
inhibition of the first phase of glucose-stimulated insulin se-
cretion, suggesting that this variation affects the function of
pancreatic islet 3 cells (50, 77) (Fig. 2). Udler et al clustered
approximately 200 genes into 5 robust categories, whereby
IGF2BP2 was grouped into a “proinsulin cluster” that fea-
tured decreased proinsulin and reduced (3-cell function (78).
An additional study suggests that the SNV 754402960 di-
minishes the capacity of islet § cells to repair and increases
the risk of T2DM (79). Consistent with these data, deletion
of IGF2BP2 in mice was shown to improve their glucose
tolerance and insulin sensitivity (41). These results high-
light the significance of IGF2BP2 in the functional repair
of pancreatic islet f§ cells as well as glucose tolerance and
insulin sensitivity (see Fig. 2).

IGFE2BP2 SNVs are also associated with body fat, such
as abdominal or visceral fat, and increased susceptibility to
T2DM (see Fig. 2) (80, 81). Adipose tissues from patients
with diabetes expressed higher levels of IGF2BP2 com-
pared to those from healthy individuals (82), suggesting its
role in obesity, which is a known factor in insulin resist-
ance and the pathogenesis of T2DM (67). Supporting this,
IGF2BP2 deletion in mice improved glucose tolerance and
insulin sensitivity and conferred the mice with resistance to
diet-induced obesity and fatty liver (41). In addition, differ-
entiated IGF2BP™~ brown fat cells express higher levels of
uncoupling protein 1 (UCP1, also known as thermogenin)
and produce more polypeptides than IGF2BP2"* cells,
which indicates that IGF2BP2 may contribute to obesity
and T2DM by inhibiting the expression of UCP1, which
regulates thermogenesis (see Fig. 2) (83). These findings
suggest that the regulatory role of IGF2BP2 may be rele-
vant to its functional importance in obesity.

IGF2BP2 may also contribute to obesity and T2DM
through its regulation of IGF-2 (see Fig. 2), which participates
in the pathogenesis of obesity and T2DM (84). These effects
can be controlled through mechanistic target of rapamycin
(mTOR), a versatile kinase in adipose tissue that mediates
adipogenesis, lipogenesis, lipolysis, and thermogenesis (24,
85). mTOR phosphorylates IGF2BP2 and facilitates its
binding to IGF-2 mRNA, thereby promoting the expression
of IGF-2 (86). The functional extent of this mMTOR/IGF2BP2/
IGF-2 cascade (Fig. 3) remains to be defined in future studies.
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Figure 2. The link between IGF2BP2 and T2DM. Overexpression of IGF2BP2 can disrupt the development of the pancreas, destroy the repair of §

cells, and also contribute to obesity and T2DM by inhibiting the expression

of UCP1 and promoting the translation of IGF-2. IGF2BP2, insulin-like

growth factor 2 (IGF-2) messenger RNA-binding protein 2;T2DM, type 2 diabetes mellitus; UCP1, uncoupling protein 1 (also known as thermogenin).

Insulin-Like Growth Factor 2 Messenger RNA-
Binding Protein 2 Functions Linking Type 2
Diabetes Mellitus and Cancer

Correlation Between Insulin-Like Growth Factor
2 Messenger RNA-Binding Protein 2 and Type 2
Diabetes Mellitus

T2DM and cancer share several common risk factors,
including smoking, drinking, overweight, obesity, and
lack of physical exercise (82). The link between T2DM
and cancer was initially proposed more than a century
ago (87), and many epidemiological studies suggest that
T2DM increases the risk of a variety of cancers. In gen-
eral, approximately 8% to 18 % of all types of cancers are
accompanied by T2DM (88), and the risk of developing
specific cancers, including of the liver, endometrium,
pancreas, kidney, colon, breast, gastrointestinal tract,
ovary, bladder, and leukemia in patients with T2DM is
1.11 to 2.25 times that of the general population (1, 2,
7, 89). In these patients, T2ZDM predisposes them to an
increased risk of mortality (82). However, contradictory
results have also been reported in prostate cancer (90)
and glioma (91), which inversely correlate with T2DM.
It remains yet to be elucidated why T2DM differentially
affects the risks of different cancers and to what extent
IGF2BP2 is involved.

Insulin-Like Growth Factor 2 Messenger RNA-
Binding Protein 2 in Cancer Metabolism

IGF2BP2 has been shown to play a significant role in me-
tabolism. Inhibiting the expression of IGF2BP2 impairs the
assembly and activity of mitochondrial respiratory com-
plexes I and IV (40). Additionally, IGF2BP2-null mice gain
less weight after birth and live longer than their wild-type
littermates, in addition to being resistant to diet-induced
obesity and fatty liver and exhibiting better glucose tolerance
and insulin sensitivity (41). Recently, additional experimental
evidence has linked IGF2BP2 to the progression of cancer,
including HCC, glioblastoma, and breast, ovarian, colon,
and esophageal cancers, particularly by playing a role in the
maintenance of cancer stem cells (29). At the cellular level,
IGF2BP2 enhances genomic instability (32) and stimulates
cancer cell proliferation and migration (92, 93). Furthermore,
studies performed at different laboratories provide strong evi-
dence that IGF2BP2 is also required to rewire metabolism so
that it promotes carcinogenesis. Among the mRNAs that are
immunoprecipitated with IGF2BP2 ribonucleoprotein com-
plexes in gliomaspheres formed by glioblastoma stem cells,
the genes regulating mitochondrial function and oxidative
phosphorylation are significantly overrepresented (40). In
pancreatic ductal adenocarcinoma, IGF2BP2 promotes aer-
obic glycolysis through direct binding to and stabilization of
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Figure 3. Regulatory network of IGF2BP2 in cancer and T2DM. IGF2BP2 expression is under the control of HMGA2, a downstream target of Let-7
miRNA, and in return, IGF2BP2 binds to the Let-7 miRNA response element and inhibits Let-7 miRNA-mediated RNA degradation, independent of
LIN28. HMGA1 inhibits the expression of IGF2BP2, which in turn binds to and stabilizes HMGA1 mRNA. HMGA1 also regulates IGF-2 by inhibiting
IGFBP2. On phosphorylation mediated by mTOR, IGF2BP2 promotes translation of IGF-2 via internal ribosome entry and thus promotes downstream
PI3K/Akt signaling. IGF2BP2 also regulates the expression of other downstream cellular functions. HMGA, high mobility group protein A; IGF2BP2,
insulin-like growth factor 2 (IGF-2) messenger RNA-binding protein 2; mTOR, mechanistic target of rapamycin; PI3K, phosphotidylinositide-3 kinase;

T2DM, type 2 diabetes mellitus.

glucose transporter 1 (Glut1) mRNA, which leads to a poor
prognosis (94). Similarly, IGF2BP2 promotes glycolysis in
colorectal cancer through direct binding to and stabilization
of Glut1 and hexokinase 2 (HK2) mRNA (95). IGF2BP2 also
stimulates the progression of colorectal cancer through Myc-
mediated glycolysis (96).

Cancer is characterized by hypermetabolism, which sup-
ports the unlimited proliferation of cancer cells. Metabolic
disorders associated with T2DM facilitate the seizure of
bioenergy by cancer cells. Patients with diabetes frequently
show dyslipidemia, with abnormal levels of high-density
lipoprotein cholesterol, triglycerides, and low-density lipo-
protein cholesterol (97-99). Importantly, abnormal levels
of lipids in the blood, either above or below normal, in-
crease the risk of cancer (8). In addition, cholesterol acti-
vates the PI3K/Akt pathway to promote cancer progression
(7); whether the activation of this pathway triggers mTOR/
IGF2BP2/IGF-2 signaling remains to be confirmed.

In obese patients with T2DM, insulin insensitivity re-
sults in excessive insulin secretion from the pancreas into
blood circulation and causes hyperinsulinemia (100, 101).
Both endogenous and exogenous hyperinsulinemia in-
creases the risk of cancer (22) and cancer-related mortality
(102). Insulin and its receptor promote tumor cell mitosis,
and therefore tumor growth (20, 21). IGF2BP2 is involved
in the regulation of insulin secretion under normal physio-
logical conditions, and its deletion in mice increases their

insulin sensitivity (41). IGF2BP2 is expressed in pancreatic
islet B cells and in insulin-sensitive tissues in postnatal life
(41). The aberrant expression of IGF2BP2 may alter the
levels of IGF-2 in these cells, leading to their dedifferen-
tiation as well as endoplasmic reticulum stress, ultimately
resulting in their dysfunction (103). This role of IGF2BP2
in insulin secretion is consistent with its procancer func-
tions in a variety of malignancies, as previously reviewed
(29). Therefore, IGF2BP2 not only promotes mRNA
translation and production of the oncogene IGF-2 (27),
but also orchestrates insulin/IGF signaling through the
posttranscriptional regulation of several critical polypep-
tides in the pathway (104).

Hyperglycemia, another complication of T2DM, causes
genetic mutations and enhances the proliferation, invasion,
and metastasis of tumor cells (82). It may also stimulate
tumor cell growth by inducing the production of IGF-1 and
inflammatory cytokines (82). Hyperglycemia facilitates the
adaptive selection of cells with strong glycolysis that are
undergoing malignant transformation (105). Although
there is no direct evidence that supports the link between
IGF2BP2 and hyperglycemia in cancer, it may participate
in the pathogenesis through IGF-2, which is a determining
factor in hyperglycemia (106). Therefore, current studies
indicate that IGF2BP2 promotes tumorigenesis through the
activation of the insulin/IGF pathway and rewiring of glu-
cose, lipid, and amino acid metabolism.
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Insulin-Like Growth Factor 2 Messenger RNA-
Binding Protein 2 inType 2 Diabetes Mellitus—
Associated Inflammation and Cancer

The association between inflammation and cancer has been
well established (107). Patients with obesity and T2DM
have abnormal levels of inflammatory factors that lead
to chronic local or systemic inflammation (82). The con-
tribution of IGF2BP2 to this microenvironment alteration
is not fully understood, and our knowledge regarding the
IGF2BP2-induced inflammatory response driving carcino-
genesis has been associated with the functions of p62, the
short splice variant of IGF2BP2, in nonalcoholic fatty liver
disease and its major complication, HCC (31). Following
treatment with diethylnitrosamine, transgenic mice with
overexpressed p62 developed more tumors with more ag-
gressive and stem-like phenotypes compared to their normal
littermates (32). In these mice, distinct expression profiles
of inflammatory cytokines and markers for oxidative stress
were discovered. Consistently, HepG2 cells overexpressing
p62 showed elevated levels of reactive oxygen species (32).
Additional evidence supports the engagement of p62 in
the pathogenesis that precedes malignant transformation.
p62 transgenic mice developed fatty liver on a regular
diet (108) and amplified fibrosis induced by nonalcoholic
steatohepatitis (NASH) when fed with a diet deficient in me-
thionine and choline (MCD) (108, 109). Activation of the
nuclear factor-xB (NF-xB) transcription factor and the ex-
pression of its target genes in the liver of mice on the MCD
diet resulted in increased inflammation (109). Moreover,
higher levels of liver and serum cholesterol were observed.
The free cholesterol was not diet derived, and its biosyn-
thesis was attributed to the upregulation of sterol regulatory
element binding transcription factor 2 (SREBF2) (109).
Further research provided insight into the lipogenic role
of IGF2BP2 in inflammation-driven hepatocarcinogenesis.
Liver-specific expression of p62 in mice on the MCD diet
induced the expression of monocyte chemoattractant pro-
tein-1, which promoted steatosis-inflammation-fibrosis
(110) as well as increased fat deposition and led to an
earlier onset of advanced fibrosis (31). The expression of
the lipogenic transcription factor Srebplc was increased,
which correlated with the pathophysiological roles of the
sterol regulatory element binding protein in HCC lipo-
genesis and progression (31, 111). More specifically in
this setting, p62 overexpression led to an elevation in con-
nective tissue growth factor (CTGF) and IL-13, but not
transforming growth factor 3, implying a p62/CTGF/IL-13
signaling cascade in liver fibrosis (31). During lipid metab-
olism, p62 induces fatty acid elongation and, as a result,
promotes NASH in mice and humans (112). Although a
complete understanding regarding the impact of IGF2BP2

on the levels of cytokines and chemokines remains to be de-
termined, these data collectively suggest that p62 promotes
hepatocarcinogenesis by enhancing inflammation (32). It
is of great importance to evaluate the role of IGF2BP2 in
other T2DM-associated inflammation-driven cancers, such
as colitis-associated colorectal cancer.

The Regulation of Insulin-Like Growth Factor
2 Messenger RNA-Binding Protein 2 inType 2
Diabetes Mellitus and Cancer

Ectopic expression of IGF2BP2 in cancer is mediated by
high mobility group proteins and mTOR, which are also
associated with T2DM. High mobility group protein
A (HMGA) 1 and IGF2BP2 function in a delicate feedback
loop (see Fig. 3), in which HMGAT1 suppresses IGF2BP2
expression and IGF2BP2 binds to and stabilizes HMGA1
mRNA to promote cell proliferation, together with other
IGF2BP2 targets (104). Moreover, this balancing feed-
back loop likely underlies the driving role of IGF2BP2 in
maintaining cancer stem cells in glioblastoma by binding
to and stabilizing transcripts, including HMGA1 (40).
Therefore, it is unsurprising that HMGAT1 is overexpressed
in a range of solid tumors, and its increased expression pro-
motes malignant transformation and metastasis (113).

The HMGA1-IGF2BP2 axis may also function in
T2DM. Increasing evidence suggests that HMGAT1 alter-
ations are correlated with T2DM. A case-control study of
a large cohort of patients revealed that functional HMGA1
variants in individuals of White European ancestry were
associated with T2DM (114). In mice, HMGA1 deficiency
leads to decreased insulin signaling, hyperglycemia, and
T2DM-like phenotypes (115).

HMGA2, however, promotes IGF2BP2 transcription
by binding to the AT-rich region of the first intron and is
expressed with IGF2BP2 in liposarcoma (116). IGF2BP2
transcription is also regulated by a truncated HMGA2
(HMGA2Tr), which inhibits IGF2BP2 expression (117).
In return, IGF2BP2 indirectly enhances the expression of
HMGA2 by preventing Let-7 miRNA (118) from binding
to HMGA2 mRNA (82). Of note, the regulation of
IGF2BP2 by HMGAZ2 requires NF-xB (see Fig. 3). NF-kB is
predominantly proinflammatory and is a precursor lesion
in diverse cancers (115), which supports the significance of
HMGA2-IGF2BP2 in inflammation and malignant trans-
formation. This functional pair may also be important for
T2DM development. HMGA2 is highly expressed in white
adipose tissue in patients with T2DM (119). As such, regu-
lation of IGF2BP2 by HMGA2 may be the mechanism
underlying the association between HMGA2 and the in-
creased risk of T2DM (119).
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Apart from high mobility group proteins, the function
of IGF2BP2 in cancer can also be regulated by the PI3K/
Akt/mTOR pathway, which is activated during inflamma-
tion (120) and is commonly dysregulated in a wide range
of cancers (121). As previously described, mTOR-mediated
phosphorylation of IGF2BP2 is required for the expression
of IGF-2 and downstream signaling involved in cell prolif-
eration. In a feedback loop, IGF2BP2 mediates the expres-
sion of IGF-2, which in turn activates the PI3K/Akt/mTOR
pathway during cell proliferation, migration, and epithelial-
mesenchymal transition (44). Taken together, these multiple
feedback loops between IGF2BP2 and its upstream regulators
such as HMGA1, HMGA2, and mTOR control the expres-
sion of IGF2BP2 both in T2DM and cancer (see Fig. 3).

Conclusions and Future Perspectives

Findings from independent epidemiological studies support
the connection between T2DM and cancer. The increased
risk of multiple malignancies and cancer-associated mor-
tality in patients with T2DM is believed to be driven by in-
sulin resistance as well as hyperinsulinemia, hyperglycemia,
chronic inflammation, and the dysregulation of adipokines
and sex hormone production (122). At a molecular level,
insulin and IGFs, such as IGF-1 and IGF-2, and their regu-
latory networks are central for these pathophysiological
mechanisms. Therefore, it is unsurprising that proteins
mediating the expression of IGFs, such as IGF2BP2, are in-
volved in the relationship between T2DM and cancer.

In general, IGF2BP2 functions to promote both T2DM and
cancer. Mediating the cytoplasmic transport and processing
of dozens of transcripts that encode proteins involved in mito-
chondrial assembly, activity, and oxidative phosphorylation,
IGF2BP2 is required for cell metabolism (40, 41). Deletion
of the IGF2BP2 gene in mice delays body growth and pro-
longs life, in addition to improving glucose tolerance and in-
sulin sensitivity (41). These mice are resistant to diet-induced
obesity likely through the regulation of Ucp1 and other mito-
chondrial proteins (41), while transgenic mice overexpressing
p62 develop fatty liver on a regular diet (108). With advanced
age, IGF2BP2”" mice develop fewer spontaneous tumors
compared to their wild-type littermates (41), whereas p62
transgenic mice are more sensitive to diethylnitrosamine-
induced HCC (32). These results from mouse models are con-
sistent with the amplification and overexpression of IGF2BP2
in human cancers (104) and its positive regulatory role in
cancer cell proliferation and migration (104, 123). These
findings collectively suggest that IGE2BP2 is involved in the
pathogenesis of T2DM and cancer.

The importance of IGF2BP2 in the connection between
T2DM and cancer is signified by its aberrant expression in
liver cirrhosis and HCC (124) and, more convincingly, in

the p62 transgenic mouse model, which showed increased
susceptibility to nonalcoholic fatty liver disease, NASH, and
HCC (31, 32, 108). This can be partially attributed to its
functional significance in mitochondrial activity and cell me-
tabolism. In addition, increased inflammatory responses me-
diated by IGF2BP2 are also pivotal, although the full-scale
of the effect of IGF2BP2 on inflammation remains to be
determined. The roles of IGF2BP2 in other inflammation-
driven cancer models, such as the colitis-driven colon cancer
model, should be investigated to reveal further insights into
the underlying mechanisms and associated activities.
Epidemiologic data suggest that variations of the
IGF2BP2 gene, such as rs4402960, are associated with an
increased risk of T2DM (48, 50, 54) and cancer (57, 125).
The SNV 754402960 impairs the regulatory role of IGF2BP2
in pancreatic islet {3 cells and inhibits insulin secretion (50,
77), supporting its correlation with T2DM; however, the
molecular mechanism is not clear. Moreover, there is an
exception to the positive correlation between T2DM and
cancer: Patients with T2DM are less likely to develop pros-
tate cancer (6, 89). Interestingly, the T allele of 7s4402960 is
associated with a lower risk of prostate cancer (90). Further
investigation is required to determine how this SNV con-
tributes to T2DM but results in a different pathology in
prostate cancer compared to cancers of other organs.
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