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Abstract

interventions targeting breast and prostate cancer.

Cancer etiology represents an intricate, multifactorial orchestration where metabolically associated insulin-like growth
factors (IGFs) and insulin foster cellular proliferation and growth throughout tumorigenesis. The insulin receptor

(IR) exhibits two splice variants arising from alternative mRNA processing, namely IR-A, and IR-B, with remarkable
distribution and biological effects disparities. This insightful review elucidates the structural intricacies, widespread
distribution, and functional significance of IR-A and IR-B. Additionally, it explores the regulatory mechanisms govern-
ing alternative splicing processes, intricate signal transduction pathways, and the intricate association linking IR-A

and IR-B splicing variants to breast and prostate cancer tumorigenesis. Breast cancer and prostate cancer are the most
common malignant tumors with the highest incidence rates among women and men, respectively. These findings
provide a promising theoretical framework for advancing preventive strategies, diagnostic modalities, and therapeutic
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Introduction

The human insulin receptor (IR) gene consists of 22
exons, and exon 11 undergoes selective splicing to form
two IR isoforms, IR-A and IR-B [1]. Multiple splicing fac-
tors regulate the process of selective splicing of the IR.
The two isoforms generated have different distribution
patterns in various tissues and organs of the human body.
They exhibit significant differences in their ligand-bind-
ing affinity for insulin and insulin-like growth factors, as
well as in the signal transduction pathways they induce
and the biological effects they exert. These differences
not only contribute to essential factors such as insulin
resistance and type 2 diabetes but also impact the growth,
proliferation, and apoptosis of tumor cells. As the most
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common malignant tumors with the highest incidence
rates among men and women, prostate cancer and breast
cancer have been experiencing a continuous increase in
their incidence rates. In 2023, there were 1,958,310 newly
diagnosed cancer cases in the United States, averaging
over 5370 cases daily. Among women, breast cancer, lung
cancer, and colorectal cancer they accounted for 52% of
all new cancer cases, with breast cancer comprising 31%
of female cancers. Among men, prostate cancer, lung and
bronchus cancer, and colorectal cancer accounted for
48% of all new cancer cases, with prostate cancer com-
prising 29% of male cancers [2]. This review summarizes
the regulation of IR selective splicing, tissue-specific dis-
tribution, and signal transduction under physiological
and pathological conditions. Additionally, we discuss the
relevance of the splicing isoforms IR-A and IR-B to breast
and prostate cancer. Future research on the different IR
isoforms and their signaling pathway molecules may
provide new diagnostic and therapeutic targets for the
clinical treatment of breast and prostate tumors, thereby
improving the survival outcomes of cancer patients.
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The structure, distribution, and function of IR
isoforms

The IR gene is located on chromosome 19 and consists
of 22 exons and 21 introns [3, 4]. The IR protein is a het-
erotetramer consisting of two o subunits located in the
extracellular region and two [ subunits spanning the cell
membrane. Both the a and p subunits are encoded by the
mRNA transcribed from the 22 exons of the IR gene. The
mRNA derived from the IR gene produces a protein with
a length of 1370 amino acids, approximately equivalent
to 154 kDa in size (Fig. 1A). After translation and post-
translational modifications, furin protease enzymatically
cleaves it, resulting in the production of two distinct sub-
units: an o subunit consisting of 723 amino acids with an
approximate mass of 130 kDa and a p subunit comprising
620 amino acids weighing around 95 kDa. The extracel-
lular domain of the IR includes the complete o subunit
chain along with a segment of the B subunit chain con-
taining 194 amino acid residues. In comparison, the
intracellular region consists only of the remaining p sub-
unit chain (containing 403 amino acid residues), which
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includes the tyrosine kinase activity domain. Ligands of
the IR bind to the extracellular portion of the a subunit,
activating the tyrosine kinase domain of the intracellular
p subunit. Once activated, it triggers the phosphorylation
of the P subunit, initiating a chain reaction of signaling
pathways that elicit various biological effects [5-10].
Exon 11 encodes a unique sequence of 12 amino acid
residues that appear towards the C-terminus of the IR
a-subunit. During the transcription process, exon 11
undergoes selective splicing, forming two distinct iso-
forms of the receptor: IR-A and IR-B. Various research
articles have extensively studied the structure, distribu-
tion, and function of IR isoforms [10-14]. IR-A lacks
exon 11, whereas IR-B includes it. These isoforms exhibit
structural, distributional, and functional disparities. IR-A
displays predominant upregulation in tumor tissues, the
brain, hematopoietic stem cells, and embryonic tissues.
In contrast, IR-B exhibits strong expression primarily in
insulin-responsive target organs such as the liver, adi-
pose tissue, and skeletal muscle. This differential expres-
sion underlies the distinct roles played by IR-A and IR-B,
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Fig. 1 Expression of IR-A and IR-B in different cancer types. A IR isoforms in GEPIA (Gene Expression Profiling Interactive Analysis). INSR-001:

IR-B, INSR-002: IR-A. Furin-like: The furin-like structure domain is capable of cleaving specific peptide chains, thus participating in the processing
and activation of certain proteins during the alternative splicing process. Pkinase_Tyr: The Pkinase_Tyr domain is capable of regulating

the activation status of relevant signaling pathways during alternative splicing. Recep_L_domain: The Recep_L domain structure can mediate
RNA-RNA or RNA-protein interactions during the process of alternative splicing, thereby influencing splice site selection and efficiency. B.C Violin
plot (B) and box plot (C) showing the expression level of IR-A and IR-B in different cancer types by isoform usage profiling in GEPIA. INSR-001

IR-B, INSR-002 IR-A. ACC Adrenocortical carcinoma, BLCA Bladder Urothelial Carcinoma, BRCA Breast invasive carcinoma, CESC Cervical squamous
cell carcinoma and endocervical adenocarcinoma, CHOL Cholangiocarcinoma, COAD Colon adenocarcinoma, DLBC Lymphoid Neoplasm Diffuse
Large B-cell Lymphoma, ESCA Esophageal carcinoma, GBM Glioblastoma multiforme, HNSC Head and Neck squamous cell carcinoma, KICH Kidney
Chromophobe, KIRC Kidney renal clear cell carcinoma, KIRP Kidney renal papillary cell carcinoma, LAML Acute Myeloid Leukemia, LGG Brain Lower
Grade Glioma, LIHC Liver hepatocellular carcinoma, LUAD Lung adenocarcinoma, LUSC Lung squamous cell carcinoma, MESO Mesothelioma,

OV Ovarian serous cystadenocarcinoma, PAAD Pancreatic adenocarcinoma, PCPG Pheochromocytoma and Paraganglioma, PRAD Prostate
adenocarcinoma, READ Rectum adenocarcinoma, SARC Sarcoma, SKCM Skin Cutaneous Melanoma, STAD Stomach adenocarcinoma, TGCT Testicular
Germ Cell Tumors, THCA Thyroid carcinoma, THYM Thymoma, UCEC Uterine Corpus Endometrial Carcinoma, UCS Uterine Carcinosarcoma, UVM

Uveal Melanoma
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with IR-B being mainly involved in metabolic-related
effects [11, 14, 15]. Proteins and pathways primarily
associated with insulin-activated IR-A were involved in
cancer, stemness, and interferon signaling. Instead, pro-
teomic analysis mostly involved IR-B-expressing cells in
metabolic or tumor-suppressive functions [16]. Due to
the lack of the 12 amino acid residues encoded by exon
11 in the alpha subunit of IR-A, the interaction between
the ligand insulin and IR-A is more dynamic, facilitating
binding and dissociation processes [17-19]. IR-A dem-
onstrates a greater affinity towards IGF-2, IGF-1, and
proinsulin when compared to IR-B [20, 21]. Irregular or
abnormal expression of different isoforms of the IR has
been detected in cancerous cells, leading to increased
responsiveness to insulin and insulin-like growth factor II
[22]. The abnormal expression identified may be involved
in promoting cancer by amplifying the effects of elevated
insulin levels, as commonly seen in obese individuals and
type 2 diabetic patients.

Additionally, due to their high degree of homology,
both isoforms of the insulin receptor, IR-A and IR-B, can
form heterodimers with IGF-1R subunits comprising
alpha and beta subunits. This interaction leads to the for-
mation of hybrid receptors, specifically Hybrid-Rs, which
consist of Hybrid-RsA and Hybrid-RsB [23]. According
to reports, Hybrid-RsB explicitly exhibits a high affin-
ity towards IGF-1, whereas Hybrid-RsA exhibits pro-
nounced affinities for IGF-1, IGF-2, and insulin [24].
Additionally, studies have indicated that both Hybrid-
RsB and Hybrid-RsA exhibit lower affinity for insulin in
hamster ovarian cells and neonatal kidney cells, while
their affinities are disproportionately higher for IGF-1
and IGF-2 [25, 26]. Consequently, variations in the dis-
tribution of IR splice variants under physiological and
pathological conditions result in the activation of distinct
signaling pathways and consequential biological effects
influenced by insulin and IGFs.

Regulating alternative splicing of the IR

Alternative splicing of the IR is a complex process that
involves various factors and mechanisms. Several stud-
ies have investigated the regulation of IR alternative
splicing and its implications in different physiological
and pathological conditions [13, 22, 27-31]. After the IR
gene is transcribed, the pre-mRNA undergoes a complex
intron removal and exon ligation process facilitated by
spliceosomes and multi-component ribonucleoprotein
complexes. The exonic and intronic sequences of pre-
mRNA contain binding sites for various splice-related
RNA-binding proteins, known as splicing factors, and
positive/negative regulatory elements. These splicing fac-
tors recognize and interact with specific splice sites on
pre-mRNA, either promoting or inhibiting the assembly
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of spliceosomes, thereby finely regulating the splicing
process. Therefore, it is essential to identify the specific
regulatory sequences and splicing factors that play a role
in the targeted splicing of the IR gene. This knowledge is
pivotal for understanding alternative splicing regulation
mechanisms and determining the relative proportion of
spliced isoforms IR-A to IR-B. Notably, the sequences
within intron 10 and exon 11 contain several positive/
negative regulatory motifs that play significant roles in
the context of selective splicing of the IR [32]. Splicing
factors intricately control whether exon 11 is incorpo-
rated or omitted during mRNA processing, influencing
the tissue-specific expression patterns observed for IR-A
and IR-B spliced isoforms (Fig. 2). These highly regu-
lated processes exhibit specificity during development
and at different time points, resulting in tissue-specific
variations in the relative abundance and distinct bio-
logical properties displayed by these isoforms [14]. The
proportion between IR-A and IR-B indirectly indicates
the distribution and expression levels of specific splic-
ing factors governing this regulatory mechanism. Note-
worthy examples of these splicing factors include CELFs
(CUG-binding protein), members of the Elav-like family,
hnRNPs (heterogeneous nuclear ribonucleoproteins),
MBNLs (Muscle blind-like proteins), SR proteins (serine-
arginine-rich), and RBM4 (RNA-binding motif protein
4). Their interplay contributes to the precise control of
alternative splicing events associated with the IR gene.
The involvement of the CELFs protein family is vital in
governing multiple facets of mRNA processing, encom-
passing alternative splicing, editing, and translation regu-
lation. Among the members of this family, CUG-binding
protein 1 (CUGBP1) was the first identified splicing
factor involved in the selective splicing of the IR [33].
CUGBP1 selectively attaches to two silencer sequences:
one found prior to exon 11 and at the 3’ end of intron 10,
and the other located precisely on exon 11. Both silencer
elements contribute to the promotion of exon 11 splicing,
thereby facilitating the expression of the spliced isoform
IR-A. This intricate mechanism highlights the significant
role of CUGBP1 and its impact on the regulation of IR
splicing events[34, 35]. hnRNP proteins influence the
intricately regulated processes of mRNA, encompassing
alternative splicing, translation control, and ensuring sta-
bility [36]. Talukdar et al. [37] have reported the involve-
ment of two hnRNPs, namely hnRNP F and hnRNP Al,
in the selective splicing of the IR. These proteins bind to
splice regulatory elements rich in GA sequences within
introns and exons. Specifically, hnRNP F selectively binds
to the termini of intron 10, enhancing the inclusion of
exon 11 and facilitating the expression of the spliced iso-
form IR-B. Conversely, hnRNP A1l targets the 5" end of
both intron 10 and intron 11, exerting an opposing impact
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Fig. 2 Proposed model for the regulation of IR pre-mRNA alternative splicing by splicing factors in cancers. The diagram provides an overview

of the primary regulators that influence insulin IR activity at both the promoter and mRNA levels. Splicing factors play a crucial role in controlling
IR gene transcription by either promoting or inhibiting it. Multiple splicing factors are involved in regulating IR expression after transcription. Once
the IR mRNA is formed, splicing factors remove introns and facilitate the joining of exons. They also regulate the alternative splicing of exon 11,
resulting in the production of either IR-A (exon11-) or IR-B (exon11 +) isoforms. In cancer cells, there is an elevated expression of the IR-A isoform,
which can have oncogenic effects. ISS Intronic Splicing Silence, ESS Exonic Splicing Silence

to hnRNP FE. By promoting exon 11 splicing, hnRNP Al
drives the expression of the spliced isoform IR-A. Muscle
blind-like protein 1 (MBNL1) recognizes and binds to a
highly conserved enhancer element on intron 11, which
facilitates the expression of IR-B [34]. Ho et al. [38] also
found that Muscleblind proteins regulate alternative
splicing of the IR. Additionally, MBNLI1 can counteract
the splicing function of CUGBP1 and engage with other
splicing factors participating in the alternative splic-
ing of INSR mRNA. For example, it hinders the splicing
function of hnRNP H, leading to increased expression
of the IR-B isoform. [39]. The SR protein family plays a
critical role in mRNA alternative splicing by binding to
splice sites on exons or introns and interacting with small
nuclear ribonucleoproteins (snRNPs) [40]. SRp20 and
SF2/ASE, among other splicing factors, attach themselves
to the enhancer sequence located at the 5" end of exon 11,
leading to an increased expression of IR-B. According to
Sen et al. [34], these splicing factors can oppose the splic-
ing function of CUGBP1 and engage with other splicing
factors, consequently modifying the IR-A/IR-B ratio.
Similarly, RBM4 regulates mRNA alternative splicing and
translation by binding to sequences rich in GC content,
facilitating the inclusion of exon 11 and enhancing the
expression of IR-B. Lin et al. noticed an increase in IR-A

expression in both embryonic fibroblasts and muscle tis-
sues of RBM4 gene knockout mice [41]. In hepatic car-
cinomas, IR-A is overexpressed due to EGFR-mediated
dysregulation of RNA splicing factors by upregulating
the expression of the splicing factors CUGBP1, hnRNPH,
hnRNPA1, hnRNPA2B1, and SF2/ASF [42]. Nakura et al.
[43] reported that Rbfox, acting as a splicing regulator, is
involved in exon 11 splicing. Huang et al. [35]. discovered
that the splicing factor CUGBP1 plays a role in control-
ling the balance between IR-A and IR-B in breast cancer
cells and impacts tumor cell biological responses through
the IR signaling pathway.

The signaling pathways of IR isoforms

Insulin, an essential hormone, plays a critical role by
binding to and activating IR, influencing various cellular
functions through diverse signaling pathways [44]. Insu-
lin binding to the extracellular a subunit of IR triggers
structural modifications resulting in autophosphoryla-
tion of the intracellular p subunit of IR. Consequently,
the activated IR tyrosine kinase phosphorylates multiple
substrates within the cell, including IR substrates (IRS)
and Src homology 2 domain-containing protein family
(Shc), both serving as adaptor proteins for downstream
signaling [45, 46]. IRS proteins harbor numerous tyrosine
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phosphorylation sites that act as binding regions for
adaptor proteins containing the Shc domain. These adap-
tor proteins further recognize and activate tyrosine phos-
phorylation residues, such as phosphoinositide 3-kinase
(PI3K) and growth factor receptor-bound protein 2 (Grb-
2). Activation of PI3K and Grb-2 mediates metabolic
effects and mitogenic effects, respectively [44, 45]. The
metabolic effects of glucose in skeletal muscle, adipose
tissue, and liver involve the participation of the PI3K/Akt
signaling pathway, particularly in processes like glucose
absorption, gluconeogenesis, and glycogen synthesis [47,
48]. Additionally, under insulin stimulation, this signaling
pathway promotes nitric oxide production in endothelial
cells, leading to vasodilation [49]. On the other hand, the
Grb-2/P44/42 MAPK signaling pathway exerts regula-
tory effects on gene transcription, protein synthesis, cell
growth, and differentiation. Furthermore, it impacts the
secretion of endothelin-1 in endothelial cells [23, 50].
Consequently, due to variations in tissues and different
ratios of IR isoforms (IR-A and IR-B), insulin stimulation
elicits separate signaling pathways that give rise to differ-
ent biological responses (Fig. 3).
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IGEF-2 primarily stimulates IR-A, promoting cell growth
and invasion while causing abnormal nuclear localization
of IRS-1 in parental 32D hemopoietic cells [51]. How-
ever, IGF-2 does not bind to IR-B. Under insulin stimu-
lation, IR-B predominantly mediates cell differentiation
and metabolic effects [51]. For instance, in human uter-
ine smooth muscle tumor cells, IGF-2 stimulates IR-A to
activate the Grb-2/P44/42 ™K signaling pathway, thereby
promoting cell migration. Conversely, insulin stimulates
IR-A to activate the PI3K/Akt signaling pathway, inhibit-
ing apoptosis [52]. IGF-2 prompts IR-A activation in R-/
IR-A cells lacking IGF-1R expression while expressing
only IR-A. Consequently, IR-A activation triggers Akt/
glycogen synthase kinase-3p (Akt/GSK3p) activation,
thereby mediating mitogenic effects [53]. Under the same
conditions, p70S6 kinase (p70S6K), P44/42 ™, and Akt
can also be activated, indicating that IR-A has complex
effects beyond the signaling pathways induced by IGF-2
stimulation [54]. In pancreatic beta-cell lines, differing
membrane distributions of IR isoforms allow for differ-
ential activation of promoters. The Insulin promoter is
activated via the IR-A pathway, while the glucokinase
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promoter is activated via the IR-B insulin receptor path-
way. Consequently, insulin activates the IR-B/PI3K/AKT
pathway, enhancing the transcription of the glucose
kinase (GK) gene. Simultaneously, the expression level of
insulin itself is regulated through the IR-A/PI3K/p70S6K
pathway [55].

Another critical signaling pathway activated by IR iso-
forms is the MAPK pathway. The pathway regulates cel-
lular processes such as cell proliferation, differentiation,
and survival [56]. IR isoforms can activate the MAPK
pathway by recruiting adaptor proteins and activat-
ing downstream kinases [57]. Proinsulin is generally
regarded as an inactive prohormone because of its low
metabolic activity; in R-/IR-A cells, where IGF-1 dem-
onstrates lower affinity for IR-A compared to IGF-2, the
downstream activation of the ERK and Akt signaling
pathways remains significant [20]. Moreover, stimulation
of IR-A by both IGF-1 and IGF-2 results in higher ratios
of downstream signaling molecules, such as p70S6K/Akt
and ERK1/2/Akt, when contrasted with insulin stimula-
tion of IR-A [54]. Despite its low metabolic activity, pro-
insulin is generally considered an inactive prohormone;
in cells expressing only IR-A, proinsulin stimulates cell
proliferation and migration through IR-A, exhibiting
similar effects to IGF-2 and insulin. The intracellular
signaling pathway molecules resemble those activated by
IGF-2 stimulation, with a higher p70S6K/Akt ratio than
insulin stimulation of IR-A. In contrast to insulin, pro-
insulin exhibits slower negative feedback mechanisms
in the activation of IR. The degradation of IR and sub-
strate IRS-1 requires 24 h of stimulation for proinsulin,
while insulin only requires 8 h. This difference explains
why proinsulin elicits a stronger mitogenic and migra-
tory effect [20]. In conclusion, the functionality of IR
isoforms, IR-A and IR-B, is critical in mediating the sign-
aling pathways of insulin. Once activated, these isoforms
initiate unique signaling pathways, including the PI3K-
Akt pathway and the MAPK pathway, which regulate
various cellular processes. Dysregulation of IR isoform
signaling is implicated in the development of metabolic
disorders and cancer.

IR isoforms in breast and prostate cancer

In many cancers, the expression of the selective splicing
isoform IR-A of the IR is noticeably elevated compared to
IR-B (Fig. 1B, C), particularly in conditions of compensa-
tory hyperinsulinemia [58, 59]. The increased expression
of IR-A and an elevated IR-A: IR-B ratio facilitate the pro-
liferative response of cancer cells to insulin and insulin-
like growth factor 2 (IGF-2) [59]. Nowak-Sliwinska et al.
show that IR-A is the main splice variant in tumor vascu-
lature, which may impact tumor angiogenesis and angio-
static treatment [60]. Furthermore, extensive research
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has demonstrated a significant correlation between the
expression of IR-A and IR-B with that of IGF1-R [24, 25,
61]. Intriguingly, IR isoforms exhibit a more pivotal role
in specific tumor tissues when compared to IGF1-R itself.
The varying levels of IR isoform expression across diverse
cancer types have potential implications for prognosis
and survival. These findings provide valuable insights
into the underlying mechanisms and offer new perspec-
tives for targeted therapy against IGF, thereby opening
up novel target sites for future therapeutic interventions
[62].

Increased expression of IR-A in cancer is influenced by
various factors within the intricate regulatory network,
including changes in transcription factors and dysregu-
lation of microRNA. Splicing factors, such as CUGBP]I,
hnRNP proteins, SF2/ASE, and SRp20/SRSF3, have been
reported to contribute to the dysregulation of the IR-A:
IR-B ratio in cancer. In studies focusing on hepatocellu-
lar carcinoma, the IR-A: IR-B ratio was consistently ele-
vated compared to the adjacent non-tumor liver tissue.
This increase in ratio was associated with the upregula-
tion of splicing factors, including CUGBP1, hnRNPH,
hnRNPA1, hnRNPA2B1, and SF2/ASF [42]. SRp20/
SRSF3 have the potential to prevent hepatic carcinogen-
esis by modulating IGF-2 and IR-A, thereby influencing
Wnt/B-catenin signaling, inducing c-Myc, and leading
to aberrant splicing and induction of EMT genes [63].
MicroRNAs (miRNAs) exhibit frequent dysregulation in
human cancers and play a crucial role as potent onco-
genes. MiR-424, in addition to its role in IR regulation,
is crucial in inhibiting the growth of cancer cells and is
widely recognized as a tumor suppressor in diverse can-
cer types [64, 65]. In breast cancer [66], miR-195 inhibits
tumor angiogenesis by suppressing the IRS1-VEGF axis.
MiR-195 is also identified as a tumor suppressor in non-
small cell lung cancer (NSCLC) cells, directly targeting
the IGF-1R [67]. Furthermore, there may be an interplay
between the dysregulation of microRNAs and splicing
factors. A specific instance of this can be observed in
bladder cancer, where miRNA-1 inhibits the function of
the serine/arginine-rich splicing factor 9 (SRSF9/SRp30c)
[68].

IR isoforms in breast cancer

The role of IR isoforms in breast cancer has been the
subject of investigation in multiple studies. Vigneri et al.
[1] reviewed the role of insulin, IR, and cancer, includ-
ing breast cancer, and emphasized the activating effects
of insulin on cancer cell growth, mainly through the
involvement of its specific receptor instead of the IGF-1
receptor. Belfiore et al. [57] explored the involvement of
IR isoforms and hybrid insulin/IGF-I receptors in human
cancer, explicitly focusing on breast cancer. They drew
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attention to the potential existence of an autocrine/par-
acrine growth loop wherein IR-A expression and local
abundance of IGF-II in breast tumors play a significant
role. In conclusion, this suggests that IR isoforms, par-
ticularly IR-A, may promote breast cancer cell growth. In
a separate study, Huang et al. [69] investigated the altered
expression of IR isoforms in breast cancer. Their findings
revealed a higher IR-A/IR-B ratio in breast cancer tissues
compared to normal breast tissues.

Multiple studies have consistently demonstrated that
the expression levels of IR-A are significantly higher,
while those of IR-B are noticeably lower in breast can-
cer tissues. These findings have been confirmed through
diverse methodologies, such as breast cancer ¢cDNA
microarrays, JPCR arrays, and analysis of clinical tissue
samples [70-72]. Vella et al. found that a higher IR-A/
IR-B ratio is associated with shorter disease-free survival
in breast cancer and that a higher IR-A is associated with
a poorer outcome in human TNBC. They also evalu-
ated the diverse biological role of the two IR isoforms
when expressed in murine TNBC cells [73]. Moreover,
Harrington et al. [72] identified that ER+breast can-
cer displays significantly higher levels of IR-A compared
to ER- breast cancer, while no notable difference was
observed in IR-B expression. Furthermore, in hormone
therapy-resistant ER+breast cancer, there is a signifi-
cant increase in both the expression level of IR and the
ratio of IR-A to IR-B. At the same time, there is a signifi-
cant decrease in IGF1-R expression. Additionally, within
ER+breast cancer, the luminal B subtype presented a
higher IR-A to IR-B ratio than the luminal A subtype.
Huang et al. [35] similarly found that luminal breast can-
cer cells exhibit considerably heightened levels of IR-A
and demonstrate a more excellent IR-A/IR-B ratio when
compared to other subtypes of breast cancer cell lines.
This observation highlights the potential impact of the
IR signaling pathway on tumor cell biological responses.
A large-scale clinical cohort study revealed a correla-
tion between phosphorylated IR/IGF-1R (pIGF-1R/
IR) levels and unfavorable prognosis. It is worth noting
that antibodies used in the study could not differentiate
between p-IR and p-IGF-1R; downstream signaling mol-
ecule p-S6K (phospho-S6) levels were found to correlate
with IR expression rather than IGF-1R expression. These
observations suggest that the phosphorylation of IR, cou-
pled with its downstream signaling pathways, contributes
to influencing the prognosis of individuals diagnosed
with breast cancer [74]. Furthermore, the IR isoforms
have been implicated in metabolic reprogramming in
cancer cells. The IR-A isoform, along with its ligand
IGF2, can modulate the metabolic pathways in breast
cancer cells [75]. It suggests that IR-A may have a role in
cancer metabolic reprogramming, contributing to cancer
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progression and metastasis. These collective findings
shed light on the crucial role of exploring IR isoforms in
breast cancer research, providing potential insights for
prognostic assessment and guiding targeted therapeutic
interventions.

IR isoforms in prostate cancer
Prostate cancer is a complex disease that is influenced by
various signaling pathways, including those involving IR
isoforms. Sciacca et al. [48] conducted a study on insulin
analogs and their differential activation of IR isoforms in
three engineered cell models (IGFIR (-), IGF1R-deprived
mouse fibroblasts transfected with either only human
IR-A or IR-B or IGF1R), the results of their investigation
suggest that long-acting analogs stimulate the mitogenic
signaling pathway with greater efficacy than insulin, lead-
ing to heightened cell proliferation. These observations
suggest that IR isoforms, specifically IR-A, potentially
contribute to mediating the mitogenic effects exerted by
insulin in prostate cancer cells. Furthermore, Vella et al.
[59] provided a comprehensive review of IR isoforms in
cancer, including prostate cancer. They illustrated that
the aberrant expression of IR isoforms may contribute to
the growth and progression of prostate cancer.
Furthermore, variations in the expression of IR iso-
forms have been noted in prostate cancer [76]. In their
meticulous investigation, Cox et al. thoroughly assessed
IR and IGF-1R expression levels in tissue samples
obtained from patients with prostate cancer, compar-
ing them to samples collected from normal prostate tis-
sues. Their findings revealed a significant upregulation
of IR expression in prostate cancer tissues compared to
normal prostate tissues. Using qRT-PCR, they quantified
the IR-A/IR-B ratio and found a marked elevation of this
ratio in prostate cancer tissues compared to neighboring
non-cancerous tissues and normal prostate tissues [77].
In parallel research, Heidegger et al. unveiled the impact
of insulin and IGF-1 on cell behavior in prostate cancer
cell lines. They demonstrated that insulin and IGF-1 pro-
moted cell proliferation and heightened glucose metabo-
lism in these cells. Conversely, in normal prostate cells,
insulin and IGF-1 induced cellular differentiation. Nota-
bly, overexpression of IR-A and IGF-1R facilitated cell
proliferation in tumor cells and stimulated cell differen-
tiation in normal tissue cells. However, overexpression
of IR-B did not contribute to tumor cell proliferation
[78]. Further validation using in vivo models confirmed
that overexpressing IR-A and IGF-1R promoted tumor
cell growth, induced angiogenesis, and generated drug
resistance. While overexpression of IR-B also induced
angiogenesis to some extent, its potency was notably
weaker than that of IR-A and IGF-1R [79]. Moreover,
Perks et al. demonstrated a consistent pattern by showing
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significantly higher IR-A expression than IR-B in both
prostate cancer tissues and prostate cancer cell lines.
Additionally, stimulation with insulin and IGF-2 led to an
upregulation of IR-A expression [80]. Collectively, these
groundbreaking findings provide valuable insights into
the intricate function of the IR signaling pathway in the
context of prostate cancer. The upregulated expression
of IR-A in prostate cancer tissues suggests its potential
as a therapeutic target. At the same time, the observed
effects on cell proliferation, differentiation, angiogenesis,
and drug resistance shed light on the complex interplay
between insulin signaling and tumor biology. Further
investigation into these mechanisms may open new ave-
nues for precision medicine approaches in prostate can-
cer treatment.

Targeting IR selective splicing variants: potential
for clinical therapeutics

The pursuit of inhibitors that target IR selective splicing
variants has emerged as a promising avenue for clinical
therapeutics. These inhibitors hold the potential to mod-
ulate the expression and functionality of distinct insulin
isoforms, presenting a customized approach to precision
medicine in the management of diverse diseases.

Several studies have provided evidence to support that
the insulin/IGF-2/IR-A pathway and its downstream
signaling cascades serve as specific and distinct target
sites in malignant tumors. The interplay between IR and
IGF1-R, forming heterodimeric receptors, significantly
impacts malignancies [81]. In tumor cells with an auto-
crine loop of IGF-2, targeting IGF1-R leads to compen-
satory upregulation of phosphorylated IR [82]. Knockout
of IGF1-R in mouse embryonic fibroblasts enhances IR
signaling, while inhibiting IR enhances IGF-1R signaling
[83, 84]. Furthermore, overexpression of IR-A in cancer
cells confers resistance to monoclonal antibody therapy,
such as trastuzumab (an anti-IGF1-R antibody), suggest-
ing that IR expression can serve as a predictive molecular
marker for resistance to tumor-targeted therapies [85].
Therefore, in the context of malignant tumors, target-
ing the insulin/IGF-2/IR-A pathway primarily involves
these approaches: dual intervention against both IR and
IGF-1R using small molecule tyrosine kinase inhibitors
(TKIs), specific targeting of IR-A function, and suppres-
sion of the ligand IGF-2, which activates both IR and
IGF-1R, IR-A isoform-specific aptamers, nucleotides oli-
gomers and selective splice-switching antisense oligonu-
cleotides. The implications of these findings indicate the
promise of directing therapeutic interventions toward the
insulin/IGF-2/IR-A pathway in the context of malignant
tumors. By modulating this pathway, it may be possible
to disrupt tumor cell growth, overcome resistance to tar-
geted therapies, and improve patient outcomes. Further
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study is needed to assess the efficacy and safety of imple-
menting these approaches in a clinical environment, pav-
ing the way for novel therapeutics tailored to the unique
molecular characteristics of malignant tumors.

Linsitinib (OSI-906) and BMS-754807 are well-estab-
lished dual-targeting small molecule tyrosine kinase
inhibitors (TKIs) specifically designed to block IR and
IGF-1R selectively. Preclinical studies have shown that
Linsitinib effectively inhibits the activity of both IR
and IGF-1R in tumor cells and tumor xenograft mod-
els. Tumors with an autocrine loop of IGF-2 and high
phosphorylation levels of IR and IGF-1R exhibit high
sensitivity to Linsitinib [86]. Linsitinib therapy reverses
tamoxifen resistance caused by activated IGF-1R in ER-
positive breast cancer [87]. A single-arm phase II study
investigated the use of Linsitinib in mCRPC [88], and
the study found that single-agent Linsitinib was safe and
well tolerated. However, further research is needed to
identify the specific population that may benefit from
this treatment. Similar results to Linsitinib have been
observed using BMS-754807, either as a single ther-
apy or alongside other chemotherapy medications like
gefitinib, gemcitabine, and cisplatin [89, 90]. The com-
bination of BMS-754807 with other small molecule
inhibitors or radiotherapy may represent a rational thera-
peutic approach in prostate cancer [91, 92]. Zanella et al.
reported that the level of IGF-2 expression can predict
the sensitivity of tumors to EGFR-targeted therapy, and
the sensitivity to combined IGF-2/EGER targeted therapy
is closely related to the level of IGF-2 [93]. The primary
function of MEDI-573, an IgG2 monoclonal antibody
developed from humans, is to neutralize IGF-1 and IGF-
2, inhibiting their ability to activate IGF-1R and IR-A
[94]. In a mouse model, overexpression of IGF-2 leads to
colorectal cancer, and the application of MEDI-573 effec-
tively reduces the level of IGF-2 expression and inhibits
the growth of colorectal tumor cells [95]. The domain 11
of M6P/IGF2R exhibits strong binding capability to IGF-
2, leading to a decrease in its expression level in serum
and subsequently inhibiting the biological effects of IGE-
2. Mutations in the binding site of domain 11 enhance the
binding capacity to IGF-2 by approximately 100-fold, sig-
nificantly reducing the level of serum IGF-2 [96]. In light
of preclinical studies that demonstrate higher IR-A/IR-B
ratios among individuals with hormone receptor positive,
ERBB2 negative breast cancer, a phase I/II clinical trial
is presently underway to explore the potential impact of
MEDI-573 in conjunction with hormonal therapy within
this particular subset of breast cancer patients [97, 98].
IR-A and IR-B undergo maturation in the Golgi appara-
tus through cleavage by furin protease. When furin loses
its activity, IR-A and IR-B are translocated to the cell
surface, with IR-B matured through the catalysis of the
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convertase PACE4. Thus, furin protease plays a critical
role in facilitating the maturation of IR-A. Polyphenols
(catechins, ellagic acid, and quercetin) can inhibit furin
protease; thereby, the maturation of IR-A is decreased,
leading to a reduction in its downstream signaling and
cellular mitotic activity [99-101].

Nucleic acid-based aptamers, molecules derived
from nucleic acids, are showing potential as therapeu-
tic agents that can counteract disease-associated pro-
teins like receptor tyrosine kinases. A recent study has
described a nuclease-resistant RNA aptamer that can
specifically recognize and inhibit the IR, thereby block-
ing IR-dependent signaling pathways. The findings sug-
gest that it may be feasible to identify aptamers with high
affinity that specifically bind to the IR-A isoform, provid-
ing a targeted approach for modulating its activity [102].
Several specific miRNAs, including miR-424, miR-195,
miR-497, miR-103/107, and miR-1, play a regulatory role
in controlling the expression of IR under physiological
and pathological conditions such as obesity and insulin
resistance [103]. These miRNAs show altered expression
patterns in cancer, potentially contributing to increased
levels of IR and an elevated IR-A: IR-B ratio.

Conclusion

The IR undergoes intricate regulatory processes dur-
ing selective splicing, resulting in two distinct isoforms,
IR-A and IR-B, which exhibit divergent distribution
patterns and functionalities under both physiological
and pathological conditions. The variation in the ratio
between these isoforms plays a crucial role in patho-
logical conditions like cancer and diabetes. Despite their
minimal structural differences, the absence of antibod-
ies capable of distinguishing between IR-A and IR-B
poses a challenge in studying their biological character-
istics. Consequently, investigations have predominantly
relied on assessing mRNA expression levels or trans-
fecting cells with exogenously overexpressed isoforms.
To comprehensively comprehend the unique functions
and responsibilities played by these isoforms in differ-
ent physiological and pathological contexts, it is essential
to conduct in vivo studies using diverse disease models,
organs, and tissues. Future research should focus on reg-
ulating all factors involved in the expression and mRNA
splicing of the IR gene and the protein processing of the
two IR isoforms. Additionally, it is essential to recognize
that the complexity of IR signaling diversification arises
from multiple isoforms, each with unique characteris-
tics, including varying affinities for ligand binding, dis-
tinct membrane organization and movement, and the
ability to interact with a diverse array of molecular part-
ners. Consequently, these isoforms can selectively impact
downstream signaling pathways based on their attributes.
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Such research endeavors are vital in establishing a robust
theoretical foundation for future advancements in clini-
cal precision medicine. By unraveling the complexities of
IR isoforms, we can pave the way for targeted therapies
tailored to individual patients, revolutionizing treatment
approaches and improving outcomes.

Acknowledgements
Not applicable.

Author contributions

JL collected, analyzed, and interpreted data and wrote the manuscript, GH
designed and developed the methodology, and the principal supervisor and
funder of the study.

Funding
This study was funded by National Natural Science Foundation of China
(NSFC) NO.82103132 to G. Huang.

Availability of data and materials
No data was used for the research described in the article.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest.

Received: 24 October 2023 Accepted: 1 February 2024
Published online: 08 February 2024

References

1. Vigneri R, Goldfine ID, Frittitta L. Insulin, insulin receptors, and cancer. J
Endocrinol Investig. 2016. https://doi.org/10.1007/540618-016-0508-7.

2. Siegel RL, Miller KD, Wagle NS, Jemal A. Cancer statistics, 2023. CA
Cancer J Clin. 2023;73(1):17-48.

3. EbinaY, Ellis L, Jarnagin K, Edery M, Graf L, Clauser E, Ou JH, Masiarz F,
Kan YW, Goldfine ID. The human insulin receptor cDNA: the struc-
tural basis for hormone-activated transmembrane signalling. Cell.
1985,40(4):747-58.

4. Ullrich A, Bell JR, Chen EY, Herrera R, Petruzzelli LM, Dull TJ, Gray A,
Coussens L, Liao YC, Tsubokawa M. Human insulin receptor and
its relationship to the tyrosine kinase family of oncogenes. Nature.
1985;313(6005):756-61.

5. Lawrence MC, McKern NM, Ward CW. Insulin receptor structure
and its implications for the IGF-1 receptor. Curr Opin Struct Biol.
2007;17(6):699-705.

6. De Meyts P.The insulin receptor: a prototype for dimeric, allosteric
membrane receptors? Trends Biochem Sci. 2008;33(8):376-84.

7. Cohen P.The twentieth century struggle to decipher insulin signalling.
Nat Rev Mol Cell Biol. 2006;7(11):867-73.

8. Taniguchi CM, Emanuelli B, Kahn CR. Critical nodes in signalling path-
ways: insights into insulin action. Nat Rev Mol Cell Biol. 2006;7(2):85-96.

9. De Meyts P. Insulin/receptor binding: the last piece of the puzzle? What
recent progress on the structure of the insulin/receptor complex tells
us (or not) about negative cooperativity and activation. BioEssays.
2015;37(4):389-97.

10. Hussain K, Challis BG, Rocha N, Payne F, Minic M, Thompson AS, Daly AK,

Scott C, Harris JW, Smillie BJL, et al. An activating mutation of AKT2 and


https://doi.org/10.1007/s40618-016-0508-7

Li and Huang Cancer Cell International

20.

21

22.

23.

24.

25.

26.

27.

28.

(2024) 24:62

human hypoglycemia. Science. 2011. https://doi.org/10.1126/science.
1210878.

Phy JL, Conover CA, Abbott DH, Zschunke MA, Walker DH, Session

DR, Tummon IS, Thornhill AR, Lesnick TG, Dumesic DA. Insulin and
messenger ribonucleic acid expression of insulin receptor isoforms in
ovarian follicles from nonhirsute ovulatory women and polycystic ovary
syndrome patients. J Clin Endocrinol Metab. 2004. https://doi.org/10.
1210/jc.2003-031888.

Huang Z, Bodkin NL, Ortmeyer HK, Hansen BC, Shuldiner AR. Hyper-
insulinemia is associated with altered insulin receptor mRNA splicing
in muscle of the spontaneously obese diabetic rhesus monkey. J Clin
Investig. 1994. https://doi.org/10.1172/JCI117447.

Denley A, Wallace JK, Cosgrove LJ, Forbes BE. The insulin receptor
isoform exon 11- (IR-A) in cancer and other diseases: a review. Horm
Metab Res. 2003. https://doi.org/10.1055/5-2004-814157.

Norgren S, Zierath JR, Wedell A, Wallberg-Henriksson H, Luthman H.
Regulation of Human Insulin Receptor RNA Splicing Invivo. Proc Natl
Acad Sci. 1994. https://doi.org/10.1073/pnas.91.4.1465.

Frasca F, Pandini G, Sciacca L, Pezzino V, Squatrito S, Belfiore A, Vigneri
R. The role of insulin receptors and IGF-I receptors in cancer and other
diseases. Arch Physiol Biochem. 2008;114(1):23-37.

Malaguarnera R, Gabriele C, Santamaria G, Giuliano M, Vella V, Mas-
simino M, Vigneri P, Cuda G, Gaspari M, Belfiore A. Comparative prot-
eomic analysis of insulin receptor isoform A and B signaling. Mol Cell
Endocrinol. 2022;557:111739.

Yamaguchi Y, Flier JS, Yokota A, Benecke H, Backer JM, Moller DE.
Functional properties of two naturally occurring isoforms of the
human insulin receptor in Chinese hamster ovary cells. Endocrinology.
1991;129(4):2058-66.

Yamaguchi Y, Flier JS, Benecke H, Ransil BJ, Moller DE. Ligand-binding
properties of the two isoforms of the human insulin receptor. Endocri-
nology. 1993;132(3):1132-8.

Mosthaf L, Grako K, Dull TJ, Coussens L, Ullrich A, McClain DA. Function-
ally distinct insulin receptors generated by tissue-specific alternative
splicing. EMBO J. 1990;9(8):2409-13.

Malaguarnera R, Sacco A, Voci C, Pandini G, Vigneri R, Belfiore A.
Proinsulin binds with high affinity the insulin receptor isoform A and
predominantly activates the mitogenic pathway. Endocrinology.
2012;153(5):2152-63.

Malaguarnera R, Morcavallo A, Belfiore A. The insulin and igf-l pathway
in endocrine glands carcinogenesis. J Oncol. 2012,2012:635614.
Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R. Insulin receptor iso-
forms and insulin receptor/insulin-like growth factor receptor hybrids
in physiology and disease. Endocr Rev. 2009. https://doi.org/10.1210/er.
2008-0047.

Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R. Insulin receptor iso-
forms and insulin receptor/insulin-like growth factor receptor hybrids in
physiology and disease. Endocr Rev. 2009;30(6):586-623.

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(42):39684-95.

Benyoucef S, Surinya KH, Hadaschik D, Siddle K. Characterization of
insulin/IGF hybrid receptors: contributions of the insulin receptor L2
and Fn1 domains and the alternatively spliced exon 11 sequence to
ligand binding and receptor activation. Biochem J. 2007;403(3):603-13.
Slaaby R, Schéffer L, Lautrup-Larsen |, Andersen AS, Shaw AC, Mathiasen
IS, 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(36):25869-74.

Sbraccia P D’Adamo M, Leonetti F, Caiola S, lozzo P, Giaccari A, Buon-
giorno A, Tamburrano G. Chronic primary hyperinsulinaemia is associ-
ated with altered insulin receptor mRNA splicing in muscle of patients
with insulinoma. Diabetologia. 1996. https://doi.org/10.1007/BF004
03966.

Mosthaf L, Grako K, Dull TJ, Coussens LM, Ullrich A, McClain DA. Func-
tionally distinct insulin receptors generated by tissue-specific alterna-
tive splicing. EMBO J. 1990. https://doi.org/10.1002/j.1460-2075.1990.
tb07416.x.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

Page 10 of 12

Savkur RS, Philips AV, Cooper TB. Aberrant regulation of insulin receptor
alternative splicing is associated with insulin resistance in myotonic
dystrophy. Nat Genet. 2001. https://doi.org/10.1038/ng704.

Frasca F, Pandini G, Scalia P, Sciacca L, Mineo R, Costantino A, Goldfine
ID, Belfiore A, Vigneri R. Insulin receptor isoform A, a newly recognized,
high-affinity insulin-like growth factor Il receptor in fetal and cancer
cells. Mol Cell Biol. 1999. https://doi.org/10.1128/MCB.19.5.3278.
Morcavallo A, Genua M, Palummo A, Kletvikova E, Jiracek J, Brzozowski
AM, lozzo RV, Belfiore A, Maggiolini M. Insulin and insulin-like growth
factor Il differentially regulate endocytic sorting and stability of insulin
receptor isoform A. J Biol Chem. 2012. https://doi.org/10.1074/jbc.
M111.252478.

Kosaki A, Nelson J, Webster NJ. Identification of intron and exon
sequences involved in alternative splicing of insulin receptor pre-
mMRNA. J Biol Chem. 1998;273(17):10331-7.

Sen S, Talukdar I, Webster NJG. SRp20 and CUG-BP1 modulate insulin
receptor exon 11 alternative splicing. Mol Cell Biol. 2009. https://doi.
org/10.1128/MCB.01709-08.

Sen S, Talukdar I, Liu Y, Tam J, Reddy S, Webster NJ. Muscleblind-like 1
(Mbnl1) promotes insulin receptor exon 11 inclusion via binding to a
downstream evolutionarily conserved intronic enhancer. J Biol Chem.
2010;285(33):25426-37.

Huang G, Song C, Wang N, Qin T, Sui S, Obr A, Zeng L, Wood TL, Leroith
D, Li M, et al. RNA-binding protein CUGBP1 controls the differential INSR
splicing in molecular subtypes of breast cancer cells and affects cell
aggressiveness. Carcinogenesis. 2020;41(9):1294-305.

Geuens T, Bouhy D, Timmerman V. The hnRNP family: insights into their
role in health and disease. Hum Genet. 2016;135(8):851-67.

Talukdar I, Sen S, Urbano R, Thompson J, Yates JR, Webster NJ. hnRNP A1
and hnRNP F modulate the alternative splicing of exon 11 of the insulin
receptor gene. PLoS ONE. 2011;6(11): €27869.

Ho TH, Charlet-B N, Poulos MG, Singh GK, Swanson MS, Cooper TB. Mus-
cleblind proteins regulate alternative splicing. EMBO J. 2004. https://doi.
0rg/10.1038/sj.emb0j.7600300.

Paul S, Dansithong W, Kim D, Rossi J, Webster NJ, Comai L, Reddy S.
Interaction of muscleblind, CUG-BP1 and hnRNP H proteins in DM1-
associated aberrant IR splicing. EMBO J. 2006;25(18):4271-83.

Boukis LA, Liu N, Furuyama S, Bruzik JP. Ser/Arg-rich protein-mediated
communication between U1 and U2 small nuclear ribonucleoprotein
particles. J Biol Chem. 2004;279(28):29647-53.

Lin JC, Yan YT, Hsieh WK, Peng PJ, Su CH, Tarn WY. RBM4 promotes
pancreas cell differentiation and insulin expression. Mol Cell Biol.
2013;33(2):319-27.

Chettouh H, Fartoux L, Aoudjehane L, Wendum D, Clapéron A, Chrétien
Y, Rey C, Scatton O, Soubrane O, Conti F, et al. Mitogenic insulin
receptor-A is overexpressed in human hepatocellular carcinoma due
to EGFR-mediated dysregulation of RNA splicing factors. Cancer Res.
2013;73(13):3974-86.

Nakura T, Ozoe A, Narita Y, Matsuo M, Hakuno F, Kataoka N, Takahashi SI.
Rbfox2 mediates exon 11 inclusion in insulin receptor pre-mRNA splic-
ing in hepatoma cells. Biochimie. 2021;187:25-32.

Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose and
lipid metabolism. Nature. 2001;414(6865):799-806.

White MF. IRS proteins and the common path to diabetes. Am J Physiol
Endocrinol Metab. 2002;283(3):E413-422.

Haring HU. The insulin receptor: signalling mechanism and contribu-
tion to the pathogenesis of insulin resistance. Diabetologia. 1991.
https://doi.org/10.1007/BF00400192.

Leto D, Saltiel AR. Regulation of glucose transport by insulin: traffic
control of GLUT4. Nat Rev Mol Cell Biol. 2012;13(6):383-96.

Sciacca L, Cassarino MF, Genua M, Pandini G, Moli RL, Squatrito S, Vign-
eri R. Insulin analogues differently activate insulin receptor isoforms and
post-receptor signalling. Diabetologia. 2010. https://doi.org/10.1007/
s00125-010-1760-6.

Zeng G, Nystrom FH, Ravichandran LV, Cong LN, Kirby M, Mostowski H,
Quon MJ. Roles for insulin receptor, PI3-kinase, and Akt in insulin-sign-
aling pathways related to production of nitric oxide in human vascular
endothelial cells. Circulation. 2000;101(13):1539-45.

Muniyappa R, Montagnani M, Koh KK, Quon MJ. Cardiovascular actions
of insulin. Endocr Rev. 2007;28(5):463-91.


https://doi.org/10.1126/science.1210878
https://doi.org/10.1126/science.1210878
https://doi.org/10.1210/jc.2003-031888
https://doi.org/10.1210/jc.2003-031888
https://doi.org/10.1172/JCI117447
https://doi.org/10.1055/s-2004-814157
https://doi.org/10.1073/pnas.91.4.1465
https://doi.org/10.1210/er.2008-0047
https://doi.org/10.1210/er.2008-0047
https://doi.org/10.1007/BF00403966
https://doi.org/10.1007/BF00403966
https://doi.org/10.1002/j.1460-2075.1990.tb07416.x
https://doi.org/10.1002/j.1460-2075.1990.tb07416.x
https://doi.org/10.1038/ng704
https://doi.org/10.1128/MCB.19.5.3278
https://doi.org/10.1074/jbc.M111.252478
https://doi.org/10.1074/jbc.M111.252478
https://doi.org/10.1128/MCB.01709-08
https://doi.org/10.1128/MCB.01709-08
https://doi.org/10.1038/sj.emboj.7600300
https://doi.org/10.1038/sj.emboj.7600300
https://doi.org/10.1007/BF00400192
https://doi.org/10.1007/s00125-010-1760-6
https://doi.org/10.1007/s00125-010-1760-6

Li and Huang Cancer Cell International

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

(2024) 24:62

Sciacca L, Prisco M, Wu A, Belfiore A, Vigneri R, Baserga R. Signaling
differences from the A and B isoforms of the insulin receptor (IR) in

32D cells in the presence or absence of IR substrate-1. Endocrinology.
2003;144(6):2650-8.

Sciacca L, Mineo R, Pandini G, Murabito A, Vigneri R, Belfiore A. In IGF-|
receptor-deficient leiomyosarcoma cells autocrine IGF-Il induces cell
invasion and protection from apoptosis via the insulin receptor isoform
A. Oncogene. 2002;21(54):8240-50.

Scalia P, Heart E, Comai L, Vigneri R, Sung CK. Regulation of the Akt/
Glycogen synthase kinase-3 axis by insulin-like growth factor-Il via
activation of the human insulin receptor isoform-A. J Cell Biochem.
2001;82(4):610-8.

Sacco A, Morcavallo A, Pandini G, Vigneri R, Belfiore A. Differential
signaling activation by insulin and insulin-like growth factors |

and Il upon binding to insulin receptor isoform A. Endocrinology.
2009;150(8):3594-602.

Uhles S, Moede T, Leibiger B, Berggren PO, Leibiger IB. Isoform-specific
insulin receptor signaling involves different plasma membrane
domains. J Cell Biol. 2003;163(6):1327-37.

Chiu SL, Cline HT. Insulin receptor signaling in the development of
neuronal structure and function. Neural Dev. 2010. https://doi.org/10.
1186/1749-8104-5-7.

Belfiore A. The role of insulin receptor isoforms and hybrid insulin/Igf-l
receptors in human cancer. Curr Pharm Des. 2007. https://doi.org/10.
2174/138161207780249173.

Frasca F, Pandini G, Scalia P, Sciacca L, Mineo R, Costantino A, Goldfine
ID, Belfiore A, Vigneri R. Insulin receptor isoform A, a newly recognized,
high-affinity insulin-like growth factor Il receptor in fetal and cancer
cells. Mol Cell Biol. 1999;19(5):3278-88.

Vella V, Milluzzo A, Scalisi NM, Vigneri P, Sciacca L. Insulin receptor iso-
forms in cancer. Int J Mol Sci. 2018. https://doi.org/10.3390/ijms191136
15.

Nowak-Sliwinska P, van Beijnum JR, Huijbers EJM, Gasull PC, Mans L,
Bex A, Griffioen AW. Oncofoetal insulin receptor isoform A marks the
tumour endothelium; an underestimated pathway during tumour angi-
ogenesis and angiostatic treatment. Br J Cancer. 2019;120(2):218-28.
Chen YW, Boyartchuk V, Lewis BC. Differential roles of insulin-like
growth factor receptor- and insulin receptor-mediated signaling

in the phenotypes of hepatocellular carcinoma cells. Neoplasia.
2009;11(9):835-45.

Scotlandi K, Belfiore A. Targeting the insulin-like growth factor (IGF)
system is not as simple as just targeting the type 1 IGF receptor. Am
Soc Clin Oncol Educ Book Am Soc Clin Oncol Annu Meet. 2012. https://
doi.org/10.14694/EdBook_AM.2012.32.134.

Sen S, Langiewicz M, Jumaa H, Webster NJ. Deletion of serine/arginine-
rich splicing factor 3 in hepatocytes predisposes to hepatocellular carci-
noma in mice. Hepatology. 2015;61(1):171-83.

Li Q, Qiu XM, Li QH, Wang XY, Li L, Xu M, Dong M, Xiao YB. Micro-
RNA-424 may function as a tumor suppressor in endometrial carcinoma
cells by targeting E2F7. Oncol Rep. 2015;33(5):2354-60.
Rodriguez-Barrueco R, Nekritz EA, Bertucci F, Yu J, Sanchez-Garcia F,
Zeleke TZ, Gorbatenko A, Birnbaum D, Ezhkova E, Cordon-Cardo C,

et al. miR-424(322)/503 is a breast cancer tumor suppressor whose loss
promotes resistance to chemotherapy. Genes Dev. 2017;31(6):553-66.
Wang Y, Zhang X, Zou C, Kung HF, Lin MC, Dress A, Wardle F, Jiang BH,
Lai L. miR-195 inhibits tumor growth and angiogenesis through modu-
lating IRS1 in breast cancer. Biomed Pharmacother. 2016;80:95-101.
Wang X, Wang Y, Lan H, Li J. MiR-195 inhibits the growth and metastasis
of NSCLC cells by targeting IGF1R. Tumour Biol. 2014;35(9):8765-70.
Yoshino H, Enokida H, Chiyomaru T, Tatarano S, Hidaka H, Yamasaki T,
Gotannda T, Tachiwada T, Nohata N, Yamane T, et al. Tumor suppressive
microRNA-1 mediated novel apoptosis pathways through direct inhibi-
tion of splicing factor serine/arginine-rich 9 (SRSF9/SRp30c) in bladder
cancer. Biochem Biophys Res Commun. 2012;417(1):588-93.

Huang J, Morehouse C, Streicher K, Higgs BW, Gao J, Czapiga M, Boutrin
A, Zhu W, Brohawn P, Chang Y, et al. Altered expression of insulin recep-
tor isoforms in breast cancer. PLoS ONE. 2011. https://doi.org/10.1371/
journal.pone.0026177.

Huang Z, Bodkin NL, Ortmeyer HK, Zenilman ME, Webster NJ, Hansen
BC, Shuldiner AR. Altered insulin receptor messenger ribonucleic acid
splicing in liver is associated with deterioration of glucose tolerance

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Page 11 of 12

in the spontaneously obese and diabetic rhesus monkey: analysis of
controversy between monkey and human studies. J Clin Endocrinol
Metab. 1996,81(4):1552-6.

Aljada A, Saleh AM, Al-Ageel SM, Shamsa HB, Al-Bawab A, Al Dubayee
M, Ahmed AA. Quantification of insulin receptor mRNA splice vari-

ants as a diagnostic tumor marker in breast cancer. Cancer Biomark.
2015;15(5):653-61.

Harrington SC, Weroha SJ, Reynolds C, Suman VJ, Lingle WL, Haluska P.
Quantifying insulin receptor isoform expression in FFPE breast tumors.
Growth Horm IGF Res. 2012;22(3-4):108-15.

VellaV, Giuliano M, Ferlita AL, Pellegrino MA, Gaudenzi G, Alaimo S,
Massimino M, Pulvirenti A, Dicitore A, Vigneri P, et al. Novel mechanisms
of tumor promotion by the insulin receptor isoform a in triple-negative
breast cancer cells. Cells. 2021. https://doi.org/10.3390/cells10113145.
Law JH, Habibi G, Hu K, Masoudi H, Wang MY, Stratford AL, Park E, Gee
JM, Finlay P, Jones HE, et al. Phosphorylated insulin-like growth factor-i/
insulin receptor is present in all breast cancer subtypes and is related to
poor survival. Can Res. 2008;68(24):10238-46.

Vella V, Nicolosi ML, Giuliano M, Maggiolini M, Malaguarnera R, Belfiore
A. Insulin receptor isoform a modulates metabolic reprogramming of
breast cancer cells in response to IGF2 and insulin stimulation. Cells.
2019. https://doi.org/10.3390/cells8091017.

Heni M, Hennenlotter J, Scharpf M, Lutz SZ, Schwentner C, Todenhofer
T, Schilling D, Kiihs U, Gerber V, Machicao F, et al. Insulin receptor
isoforms a and B as well as insulin receptor substrates-1 and -2 are
differentially expressed in prostate cancer. PLoS ONE. 2012. https://doi.
org/10.1371/journal.pone.0050953.

Cox ME, Gleave ME, Zakikhani M, Bell RH, Piura E, Vickers E, Cunningham
M, Larsson O, Fazli L, Pollak M. Insulin receptor expression by human
prostate cancers. Prostate. 2009;69(1):33-40.

Heidegger |, Ofer P, Doppler W, Rotter V, Klocker H, Massoner P. Diverse
functions of IGF/insulin signaling in malignant and noncancerous pros-
tate cells: proliferation in cancer cells and differentiation in noncancer-
ous cells. Endocrinology. 2012;153(10):4633-43.

Heidegger |, Kern J, Ofer P, Klocker H, Massoner P. Oncogenic functions
of IGF1R and INSR in prostate cancer include enhanced tumor growth,
cell migration and angiogenesis. Oncotarget. 2014;5(9):2723-35.

Perks CM, Zielinska HA, Wang J, Jarrett C, Frankow A, Ladomery MR,
Bahl A, Rhodes A, Oxley J, Holly JM. Insulin receptor isoform variations
in prostate cancer cells. Front Endocrinol. 2016;7:132.

Frasca F, Pandini G, Vigneri R, Goldfine ID. Insulin and hybrid insulin/
IGF receptors are major regulators of breast cancer cells. Breast Dis.
2003;17:73-89.

Buck E, Gokhale PC, Koujak S, Brown E, Eyzaguirre A, Tao N, Rosenfeld-
Franklin M, Lerner L, Chiu MI, Wild R, et al. Compensatory insulin recep-
tor (IR) activation on inhibition of insulin-like growth factor-1 receptor
(IGF-1R): rationale for cotargeting IGF-1R and IR in cancer. Mol Cancer
Ther.2010;9(10):2652-64.

Dinchuk JE, Cao C, Huang F, Reeves KA, Wang J, Myers F, Cantor GH,
Zhou X, Attar RM, Gottardis M, et al. Insulin receptor (IR) pathway hyper-
activity in IGF-IR null cells and suppression of downstream growth
signaling using the dual IGF-IR/IR inhibitor, BMS-754807. Endocrinology.
2010;151(9):4123-32.

Brierley GV, Macaulay SL, Forbes BE, Wallace JC, Cosgrove LJ, Macaulay
VM. Silencing of the insulin receptor isoform A favors formation of

type 1 insulin-like growth factor receptor (IGF-IR) homodimers and
enhances ligand-induced IGF-IR activation and viability of human colon
carcinoma cells. Endocrinology. 2010;151(4):1418-27.

Forest A, Amatulli M, Ludwig DL, Damoci CB, Wang Y, Burns CA, Donoho
GP, Zanella N, Fiebig HH, Prewett MC, et al. Intrinsic resistance to cixu-
tumumab is conferred by distinct isoforms of the insulin receptor. Mol
Cancer Res MCR. 2015;13(12):1615-26.

Zhao H, DesaiV, Wang J, Epstein DM, Miglarese M, Buck E. Epithelial-
mesenchymal transition predicts sensitivity to the dual IGF-1R/IR inhibi-
tor OSI-906 in hepatocellular carcinoma cell lines. Mol Cancer Ther.
2012;11(2):503-13.

Kruger DT, Alexi X, Opdam M, Schuurman K, Voorwerk L, Sanders J, van
der NoortV, Boven E, Zwart W, Linn SC. IGF-1R pathway activation as
putative biomarker for linsitinib therapy to revert tamoxifen resistance
in ER-positive breast cancer. Int J Cancer. 2020;146(8):2348-59.


https://doi.org/10.1186/1749-8104-5-7
https://doi.org/10.1186/1749-8104-5-7
https://doi.org/10.2174/138161207780249173
https://doi.org/10.2174/138161207780249173
https://doi.org/10.3390/ijms19113615
https://doi.org/10.3390/ijms19113615
https://doi.org/10.14694/EdBook_AM.2012.32.134
https://doi.org/10.14694/EdBook_AM.2012.32.134
https://doi.org/10.1371/journal.pone.0026177
https://doi.org/10.1371/journal.pone.0026177
https://doi.org/10.3390/cells10113145
https://doi.org/10.3390/cells8091017
https://doi.org/10.1371/journal.pone.0050953
https://doi.org/10.1371/journal.pone.0050953

Li and Huang Cancer Cell International (2024) 24:62

88.

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

100.

Barata P, Cooney M, Tyler A, Wright J, Dreicer R, Garcia JA. A phase 2
study of OSI-906 (linsitinib, an insulin-like growth factor receptor-1
inhibitor) in patients with asymptomatic or mildly symptomatic (non-
opioid requiring) metastatic castrate resistant prostate cancer (CRPC).
Invest New Drugs. 2018;36(3):451-7.

Hou X, Huang F, Macedo LF, Harrington SC, Reeves KA, Greer A, Finck-
enstein FG, Brodie A, Gottardis MM, Carboni JM, et al. Dual IGF-1R/InsR
inhibitor BMS-754807 synergizes with hormonal agents in treatment of
estrogen-dependent breast cancer. Can Res. 2011;71(24):7597-607.
Awasthi N, Zhang C, Ruan W, Schwarz MA, Schwarz RE. BMS-754807, a
small-molecule inhibitor of insulin-like growth factor-1 receptor/insulin
receptor, enhances gemcitabine response in pancreatic cancer. Mol
Cancer Ther. 2012;11(12):2644-53.

Eke I, Aryankalayil MJ, Bylicky MA, Makinde AY, Liotta L, CalvertV,
Petricoin EF, Graves EE, Coleman CN. Radiotherapy alters expression

of molecular targets in prostate cancer in a fractionation- and time-
dependent manner. Sci Rep. 2022;12(1):3500.

Dayyani F, Parikh NU, Varkaris AS, Song JH, Moorthy S, Chatterji T, Maity
SN, Wolfe AR, Carboni JM, Gottardis MM, et al. Combined Inhibition

of IGF-1R/IR and Src family kinases enhances antitumor effects in
prostate cancer by decreasing activated survival pathways. PLoS ONE.
2012;7(12):e51189.

Zanella ER, Galimi F, Sassi F, Migliardi G, Cottino F, Leto SM, Lupo B,
Erriquez J, Isella C, Comoglio PM, et al. IGF2 is an actionable target

that identifies a distinct subpopulation of colorectal cancer patients
with marginal response to anti-EGFR therapies. Sci TransI Med.
2015,7(272):272ra212.

Gao J, Chesebrough JW, Cartlidge SA, Ricketts SA, Incognito L, Veldman-
Jones M, Blakey DC, Tabrizi M, Jallal B, Trail PA, et al. Dual IGF-I/Il-neu-
tralizing antibody MEDI-573 potently inhibits IGF signaling and tumor
growth. Can Res. 2011;71(3):1029-40.

Zhong H, Fazenbaker C, Chen C, Breen S, Huang J, Yao X, Ren P, Yao

Y, Herbst R, Hollingsworth RE. Overproduction of IGF-2 drives a

subset of colorectal cancer cells, which specifically respond to an
anti-IGF therapeutic antibody and combination therapies. Oncogene.
2017,36(6):797-806.

Prince SN, Foulstone EJ, Zaccheo OJ, Williams C, Hassan AB. Functional
evaluation of novel soluble insulin-like growth factor (IGF)-Il-specific
ligand traps based on modified domain 11 of the human IGF2 receptor.
Mol Cancer Ther. 2007;6(2):607-17.

lams WT, Lovly CM. Molecular pathways: clinical applications and future
direction of insulin-like growth factor-1 receptor pathway blockade.
Clin Cancer Res. 2015;21(19):4270-7.

Haluska P, Menefee M, Plimack ER, Rosenberg J, Northfelt D, LaVallee

T, Shi L, Yu XQ, Burke P, Huang J, et al. Phase | dose-escalation study of
MEDI-573, a bispecific, antiligand monoclonal antibody against IGFI
and IGFII, in patients with advanced solid tumors. Clin Cancer Res.
2014,20(18):4747-57.

Coppola JM, Bhojani MS, Ross BD, Rehemtulla A. A small-molecule
furin inhibitor inhibits cancer cell motility and invasiveness. Neoplasia.
2008;10(4):363-70.

Basak A, Chen A, Scamuffa N, Mohottalage D, Basak S, Khatib AM.
Blockade of furin activity and furin-induced tumor cells malignant
phenotypes by the chemically synthesized human furin prodomain.
Curr Med Chem. 2010;17(21):2214-21.

Zhu J,Van de Ven WJ, Verbiest T, Koeckelberghs G, Chen C, Cui Y,
Vermorken AJ. Polyphenols can inhibit furin in vitro as a result of the
reactivity of their auto-oxidation products to proteins. Curr Med Chem.
2013;20(6):840-50.

laboni M, Fontanella R, Rienzo A, Capuozzo M, Nuzzo S, Santamaria G,
Catuogno S, Condorelli G, de Franciscis V, Esposito CL. Targeting insulin
receptor with a novel internalizing aptamer. Mol Ther Nucl Acids.
2016;5(9): e365.

Rogalska ME, Vivori C, Valcarcel J. Regulation of pre-mRNA splicing: roles
in physiology and disease, and therapeutic prospects. Nat Rev Genet.
2023;24(4):251-69.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 12 of 12



	Insulin receptor alternative splicing in breast and prostate cancer
	Abstract 
	Introduction
	The structure, distribution, and function of IR isoforms
	Regulating alternative splicing of the IR
	The signaling pathways of IR isoforms
	IR isoforms in breast and prostate cancer
	IR isoforms in breast cancer
	IR isoforms in prostate cancer

	Targeting IR selective splicing variants: potential for clinical therapeutics
	Conclusion
	Acknowledgements
	References


