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Abstract

Insulin-like growth factor (IGF) binding protein 2 (IGFBP2) was discovered and identified as an 

IGF system regulator, controlling the distribution, function, and activity of IGFs in the pericellular 

space. IGFBP2 is a developmentally regulated gene that is highly expressed in embryonic and fetal 

tissues and markedly decreases after birth. Studies over the last decades have shown that in solid 

tumors, IGFBP2 is upregulated and promotes several key oncogenic processes, such as epithelial-

to-mesenchymal transition, cellular migration, invasion, angiogenesis, stemness, transcriptional 

activation, and epigenetic programming via signaling that is often independent of IGFs. Growing 

evidence indicates that aberrant expression of IGFBP2 in cancer acts as a hub of an oncogenic 

network, integrating multiple cancer signaling pathways and serving as a potential therapeutic 

target for cancer treatment.

Introduction

Tumorigenesis is a highly complicated process involving multiple genetic and epigenetic 

changes controlled by diverse pathways. Over the past decade, integrated genome-wide 

screens of DNA copy number and gene expression have facilitated the discovery of 

amplified and overexpressed genes in human cancers, which has greatly expanded our 

knowledge of the altered genomic landscapes that promote human neoplasia [1, 2]. Among 

candidate cancer markers, one such gene, IGFBP2, is expressed aberrantly in such a way as 

to promote initiation and progression of many different tumor types.

Emerging as a comprehensive tumor biomarker, IGFBP2 is found to be highly expressed in a 

broad range of cancers, including glioma [3–9], pancreatic [10, 11], ovarian [12–17], breast 

[18–21], cervical [22], melanoma [23, 24], colorectal adenoma [25] and carcinoma [26–30], 

leukemia [31–37], prostate [38–41], lung [42–46], liver [47–49], gastric [50–52], bladder 
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[53], head and neck [54], rhabdomyosarcoma [55], synovial sarcoma [56], adrenocortical 

tumor [57, 58], nonseminomatous germ cell cancer [59], Wilms’ tumor [60], and salivary 

adenoid cystic carcinoma [61]. Moreover, serving as a valuable biomarker, IGFBP2 predicts 

an unfavorable prognosis [4, 7, 9, 10, 14, 23, 32, 44, 57, 62–67], and confers increasing 

malignant status [30, 34, 58, 68–72]. Intriguingly, as a secreted protein initially 

characterized as a pericellular modulator of insulin-like growth factors I (IGF-I) and II (IGF-

II), IGFBP2 mediates IGF-independent tumorigenic program through the involvement of an 

intracellular and nuclear regulatory network. Emerging evidence points toward IGFBP2 

playing a crucial role in tumorigenesis via modulation of several hallmarks of cancer, 

particularly employing intracellular tumorigenic signal transduction [73, 74]. In this article, 

we review the tumorigenic role of IGFBP2 in cancer and the underlying regulatory 

mechanisms.

Functional domains of IGFBP2

Overview of domains in IGFBP2

The primary structure of IGFBP2 was determined by sequence analysis of a cloned cDNA 

from a human fetal liver cDNA library; the mature 289 amino acid (aa) protein has a 

predicted molecular weight of 31 Kd [75]. In general, the six high-affinity IGFBPs are 

comprised of three major domains of approximately equivalent length: An N-terminal 

domain and a C-terminal domain joined by an L-domain (Fig. 1). The N-terminal and C-

terminal domains are both highly conserved and cysteine-rich, while the L-domain is 

characterized as a nonconserved linker region, which is sensitized to proteases [76, 77]. The 

important subdomains, or functional motifs, within each domain of IGFBP2 contribute to 

multiple biological actions (Table 1).

The N-terminal domain consists of aa residues 1–98 of the mature full-length IGFBP2 

protein, and the C-terminal domain contains 107 residues spanning around aa 183–289 [78, 

79]. IGFBP2 has 18 conserved cysteines, 12 of which are organized into six disulfide bonds 

in the N-terminal domain. Three additional disulfide bridges are located within the C-

terminal domain; IGFBP2 lacks interdomain bonds [80]. The high content of cysteine within 

small regions suggests a highly conserved structural composition, which is important for 

functional integrity, and indeed both the N- and C-terminal domains independently bind to 

IGFs [81–84]. Moreover, the IGFBP2 C-terminal fragment plays a key role in binding with 

IGFs and has slower dissociation kinetics when compared with N-terminal fragment [81, 

85].

A role for the L-domain

The IGFBP L-domain is a variable region linking the N- and C- terminal domains and 

contains a region for proteolytic cleavage by proteases such as MMPs, PAPP-A and 

cathepsin-D [76, 86]. Proteolysis of IGFBP2 is recognized as the predominant mechanism to 

reduce the binding affinity of IGFBP2 for IGF-II, and has been shown to play a role in 

increasing bioavailability of IGF-II in malignancy [87, 88]. Apart from containing a target 

region for proteolysis, the L-domain contains potential posttranslational modification sites 

for most of the IGFBPs [76, 77, 89]. The L-domain within IGFBP2 comprises 85 aa 
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residues; however, there has been inconclusive evidence regarding post-translational 

alteration, although several predicted sites may be phosphorylated [76, 89].

Most IGFBPs contain putative heparin-binding domains (HBD) [90]—consensus sequences 

for glycosaminoglycan (GAG) recognition that have a determined structure as XBBXBX 

and XBBBXXBX, where B stands for a basic residue and X for a hydropathic residue [91]. 

Within the L-domain of mature IGFBP2, an HBD sequence is located at residues 

179PKKLRP184 (HBD1) in an XBBXBX pattern that is unique to IGFBP2 compared with 

other IGFBPs [76, 92]. Multiple studies have demonstrated the IGFBP2 HBD1 interactions 

occurring on cell surface and extra-cellular matrix (ECM), and HBD1 is required for 

IGFBP2-mediated cell proliferation, migration, and invasion [93–96]. In the rat olfactory 

bulb, IGFBP2 has been shown to interact with the GAG component of membrane 

proteoglycans. In vitro, IGFBP2 binds to chondroitin-4 and −6-sulfate, keratan sulfate, 

heparin, and the proteoglycan aggrecan [93]. Apart from recognition of GAG, the HBD1 

sequence within the Linker region also plays a role in binding cell surface receptor protein 

tyrosine phosphatase β (RPTPβ), and mediates RPTPβ downstream activity [97].

As an IGF modulator, IGFBP2 is commonly associated with functional activities in the 

pericellular space [76, 94, 98, 99]. Using cell fractionation and confocal microscopy, 

however, IGFBP2 detection was confirmed in the nuclei of common cancer cells, 

implicating a role for nuclear regulation [74]. These studies from Azar et al. showed that 

nuclear translocation of IGFBP2 in cancer cells relies on classical nuclear import 

mechanisms, primarily in an importin-α dependent manner, through a nuclear localization 

signal (NLS) sequence within the IGFBP2 linker domain. Further bioinformatics analysis of 

the IGFBP2 protein sequence with PSORT II identified the NLS sequence at 

179PKKLRPP185, which completely overlaps the HBD1 motif, although the nuclear 

translocation of IGFBP2 occurs independent of HBD1 motif function [74].

Multiple functions of the C-terminal domain

The C-terminal domain of IGFBP2 (C-BP-2) is implicated in a wide range of functions [79, 

99–101]. Mature human IGFBP2, but not IGFBP3–6, possesses an RGD motif (Arg-Gly-

Asp) at position 265–267 in the C-domain [99, 101]. The IGFBP2 RGD region mediates 

bimolecular interaction between IGFBP2 and cell membrane integrins, which is required for 

downstream oncogenic signaling transduction [69, 98, 102, 103]. Although the RGD motif 

was implicated in biologic regulation of IGFBP2, C-BP-2 (but not the RGD domain alone) 

was reported to be essential for supporting hematopoietic stem cell activity [104]. 

Interestingly, the invasion inhibitory protein 45 (IIp45 or MIIP; which also contains an RGD 

motif) was identified as an IGFBP2-binding protein that can interact with C-BP-2 and 

attenuate IGFBP2-stimulated glioma invasion [101]. In addition, C-BP-2 was reported to 

induce β-catenin nuclear activity and tumor growth via interaction with integrin in glioma 

[105].

A second HBD domain, HBD2, was identified as a pH-dependent heparin-binding site in C-

BP-2, with protonation of two histidine residues (His228 and His271, also located in C-

BP-2) being responsible for the acidity-dependent HBD2 binding to GAGs [79]. As a 

common feature of the tumor microenvironment, extracellular acidification suggests that 
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IGFBP2 might accumulate preferentially in the tumor ECM, and may participate in the 

regulation of tumor biological behaviors that are unique from activities in normal, neutral 

pH, tissues.

It is worth noting that the complexity of IGFBP activities in the regulation of the IGF 

system, both locally in tissues and in circulation, may contribute to difficulties in discerning 

between IGF-dependent and IGF-independent IGFBP actions. This is especially true in 

systems where one or more components of both groups are expressed. As such, we attempt 

to provide an accurate view of IGFBP2 actions based on published mechanisms.

IGFBP2 in embryonic development

IGF-I and -II promote cellular mitosis and differentiation, and have been implicated in fetal 

and placental growth. During the preimplantation period, IGF-I plays an important role as its 

supplementation can enhance cell proliferation, mitogenesis, and regulate apoptosis [106]. 

Meanwhile, IGFII is known to modulate fetal growth in vivo, and a mutated IGF-II gene 

resulted in a growth deficiency of both the embryo and the placenta [107, 108]. IGFs, 

together with the IGF receptors and IGFBPs, comprise the complete IGF system, which is 

essential for development of the early embryo. IGFBP2 expression is high in populations of 

rapidly dividing cells, and in regions directly neighboring areas of cell growth and 

differentiation, suggesting an important role in the development of fetal tissues (Fig. 2) [109, 

110].

IGFBP2 is predominantly expressed in fetal tissues that are highly proliferative, such as the 

early postimplantation epiblast, the ventricular zone of rostral neuroepithelium [109, 111], 

the apical ectodermal ridge [112], and also by progenitor cells for tissues such as the spleen 

[109] and liver [113]. In the rat, IGFBP2 expression was shown to be present in neocortex 

before birth in a pattern consistent with expression by newborn astroglia, while in postnatal 

development expression is greatly reduced [114]. However, in central nervous system (CNS) 

tumors, IGFBP2 becomes reactivated in the most aggressive stage of glioma, and is 

consistently overexpressed in glioblastoma [3]. It is proposed that cancer cells possess traits 

similar to those of embryonic stem (ES) cells, as salient parallels exist between ES cells and 

tumor cells, such as the self-renewal capacity of ES cells and the high proliferative capacity 

of tumor cells [115]. Sharing the same enrichment patterns of gene sets, the ES cell 

signature is also present in poorly differentiated tumors like glioblastoma and bladder 

carcinoma [115]. IGFBP2 is one such gene that is highly expressed in both ES cells and 

poorly differentiated malignancy. Characterized as the most typified example of the adult 

stem cell, hematopoietic stem cells (HSCs) reside in a complex environment, and among the 

factors that contribute to the repopulation of HSCs, IGFBP2 was reported to support HSC 

survival and cycling [116]. Consistently, among multiple different cancer types, the level of 

IGFBP2 appears to be low in well-differentiated tumors and high in poorly differentiated 

tumors [3, 117].

Oncogenic role of IGFBP2 in multiple cancer types

Aberrant expression patterns of IGFBP2 have been detected in many types of human cancers 

and broadly associate with a poor prognosis. Accordingly, increasing evidence implicates 
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IGFBP2 with oncogenic events in multiple cancer types. A case for IGFBP2 involvement in 

tumorigenesis is discussed below focusing on four different types of malignancies. We 

summarize the potential tumorigenic programs governed by IGFBP2 in different cancer 

types in Table 2, and schematically illustrate involvement of IGFBP2 in embryogenesis and 

tumorigenesis in Fig. 2.

Glioma

Insulin-like growth factor-binding protein 2 (IGFBP2) is increasingly recognized as a glioma 

oncogene, emerging as a target for therapeutic intervention [118, 119]. As a candidate 

biomarker, aberrant expression of IGFBP2 was detected in high-grade gliomas and identified 

as one of nine genes in a signature associated with poor prognosis [3, 120, 121]. Numerous 

studies have solidified the potential role of IGFBP2 in glioma initiation [68, 73, 101, 118, 

122, 123]. For example, in the replication-competent avian leukemia virus splice acceptor 

(RCAS) model, neither activated K-Ras nor Akt alone is sufficient to induce glioma 

formation, while co-delivery of K-Ras and Akt results in astrocytoma genesis with an 

incidence at 18% [124, 125]. Similarly, the combination of K-Ras and IGFBP2 also leads to 

astrocytoma formation, with an incidence of 17.4%, suggesting that IGFBP2 and Akt likely 

lie in converging pathways that are required for gliomagenesis [123].

Platelet-derived growth factor β (PDGFB) is thought to be a driving event for the 

development of oligodendroglioma [124]. PDGF signaling increases the proliferation rate of 

glial precursors and blocks their differentiation toward oligodendrocytes and astrocytes 

[124]. In the PDGFB-driven RCAS model, co-delivery of IGFBP2 was found to enhance 

malignancy, resulting in the progression of oligodendroglioma to anaplastic 

oligodendroglioma in 37.9% of the co-injected mice, while also increasing overall tumor 

incidence from 90.9% to 96.6% [68, 123]. In a new in vivo glioma model with highly 

expressed PDGFB and expression levels of IGFBP2 controlled using doxycycline, IGFBP2 

was shown to promote glioma progression in a time-dependent manner [126]. IGFBP2 was 

able to drive high-grade glioma (HGG) progression only in the early stages of tumor 

initiation upon co-delivery with PDGFB, while being unable to promote HGG progression 

in an established PDGFB-induced tumor, suggesting a pivotal role of IGFBP2 at the tumor 

initiation stage [126].

β-catenin was reported to mediate biological processes that are required for cancer initiation 

and progression [127]. IGFBP2 was shown to act as an upstream regulator of the β-catenin 

pathway in glioma and contributed to increased tumor growth in vivo [105]. This study 

demonstrated that IGFBP2, through C-terminal domain binding to glioma cell surface 

integrin, activates FAK, leading to the phosphorylation and inactivation of GSK3β and 

resulting in increased nuclear activity from stabilized levels of β-catenin [105].

Breast cancer

In an immunohistochemical study of 120 breast specimens, IGFBP2 was detected in breast 

tumor tissues and showed particularly high levels in neoplastic cells of invasive ductal 

carcinoma, while being undetectable in normal breast glandular cells or in hyperplasia [19]. 

In addition, a clinicopathologic study using tissue microarrays and immunohistochemistry 
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revealed an elevated expression level of IGFBP2 in T1 stage breast cancer compared with 

benign lesions, suggesting that IGFBP2 fosters the development of metastasis, and may 

serve as a useful marker in breast cancer to predict lymph node metastasis [18].

In human breast cancer cells, IGF-II and IGFBP2 differentially regulate phosphatase and 

tensin homolog (PTEN) [102]. Acting as a tumor suppressor, PTEN has been shown to 

suppress the functions of many growth factors, among which IGF-II is most prevalent [128]. 

Intriguingly, PTEN expression is also stimulated by IGF-II, forming a feedback loop that 

impairs the response of MCF-7 breast cancer cells to high doses of IGF-II [102]. IGFBP2, 

when free from IGF-II, has been shown to suppress the antitumor effect of PTEN, and 

appears to block IGF-II-induced feedback on PTEN, which is then associated with increased 

p21-mediated pro-tumorigenic function [102].

Recently, a transcriptome analysis of breast cancer showed that IGFBP2 governs pro-

tumorigenic cell cycle and Wnt signaling pathways [129]. As a strong indicator of aberrant 

Wnt pathway activation in breast cancer, β-catenin was shown to be regulated by IGFBP2, 

with a high lymph node metastasis correlation [129].

Prostate cancer

Prostate carcinoma is a common cancer in males and is among the leading causes of death in 

elderly men. Elevated levels of plasma IGFBP2 are found in prostate cancer patients [39, 

41], and increased expression levels of IGFBP2 are detected during prostate disease 

progression from benign prostatic hyperplasia (BPH) to metastatic prostate cancer [130]. 

Increasing evidence over the past 25 years has associated elevated levels of circulating 

IGFBP2 with malignant prostate disease. IGFBP2 was among the most consistently 

overexpressed genes in hormone-refractory CWR22R (human prostate cancer transplanted 

into nude mice) prostate cancer xenografts as detected using a cDNA microarray platform. 

Immunohistochemical analysis of tissue microarrays also illustrates that IGFBP2 is 

overexpressed in 100% of the hormone-refractory clinical tumors and in 36% of the primary 

tumors, but not in benign prostatic specimens [39]. In addition, a recent study from the 

Prostate Cancer Prevention Trial identified a 55% increased risk of low-grade prostate 

cancer in patients with higher serum IGFBP2 compared with patients with lower serum 

IGFBP2 [131].

LAPC-4 is an androgen-dependent prostate cancer cell line. IGFBP2 was found to have a 

potent stimulatory effect on growth of LAPC-4 prostate cancer cells, which was more 

pronounced in the absence of androgens, indicating that IGFBP2 may interact with the 

androgen receptor system [70]. In LAPC-4 and DU145 prostate cancer cells, delivery of 

IGFBP2 upregulated the expression of hTERT, the regulatory subunit of telomerase that is 

directly associated with telomerase expression level and is believed to play a role in cell 

immortality [70]. Moreover, the MAP-kinase and PI3-kinase pathways are thought to be the 

major regulators of the IGFBP2- induced pro-carcinogenic effect on prostate cancer, as 

IGFBP2 growth stimulation is completely blocked by MAP-kinase inhibitors and partially 

blocked by PI3-kinase inhibitors [70].
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Gastrointestinal cancer

Pancreatic ductal adenocarcinoma (PDAC) is currently ranked as the fourth most common 

cause of cancer-related death. Discovery of diagnostic biomarkers is a research priority for 

the improved management of PDAC. Quantitative proteomic profiling has identified aberrant 

expression of IGFBP2 in the pancreatic juice and tumor tissue of pancreatic cancer patients 

[132, 133]. IGFBP2 has also been identified as a compensatory biomarker alongside 

carbohydrate antigen 19–9 (CA19–9) in the diagnosis of early-stage pancreatic cancer, and 

also appears to be elevated in risk diseases for development of pancreatic malignancy [11]. 

Serum IGFBP2 can also serve as a diagnostic bio-marker for PDAC [10]. Clinical findings 

and cell modeling in vivo have confirmed that high levels of IGFBP2 associate with higher 

risk of peri-pancreas lymph node metastasis, which is an independent prognostic factor in 

PDAC [134]. Moreover, IGFBP2 was found to be a critical regulator of the epithelial-to-

mesenchymal transition (EMT) axis, and exhibited oncogenic activities in an animal model 

of PDAC [134].

More clearly, elevated plasma or serum IGFBP2 expression level in colorectal cancer (CRC) 

is regarded as a valuable prognostic biomarker [26–30]. In a study of 92 colorectal cancer 

patients compared with controls, serum IGFBP2 was markedly elevated in patients with 

Dukes B, Dukes C, and advanced disease, with a significant trend from early to advanced 

disease. In addition, IGFBP2 concentrations were positively correlated with tumor size [28]. 

L1, a neuronal cell adhesion receptor of the immunoglobulin-like protein family, was 

detected in a subpopulation of cells at the invasive front of CRC tissue, and was found to 

form a molecular complex with IGFBP2. In L1-mediated signaling, increased expression of 

IGFBP2 was regulated by an ezrin/NF-κB-mediated transactivation of the IGFBP2 gene 

promoter. Furthermore, IGFBP2 overexpression was capable of reproducing all the 

properties of L1 overexpression, including enhanced motility, growth in the absence of 

serum, and increased tumor-igenesis and liver metastasis [30].

Regulatory Network of IGFBP2 in Tumorigenesis

As set forth, aberrant expression of IGFBP2 is detected in many malignancies and is tightly 

related to an increasingly malignant status, pointing to a potential involvement of IGFBP2 in 

tumor initiation. Acting as a molecular point of signal convergence, IGFBP2 forms a 

complex regulatory network to exert tumor-promoting functions in tumors (Fig. 3). The 

major components comprising the IGFBP2 regulatory network involved in tumorigenesis are 

discussed below.

Interaction partners of IGFBP2 in tumorigenesis

Integrins

The tripeptide integrin recognition sequence, RGD, is present in the C-terminal domain of 

IGFBP2, and is the minimum requirement for the IGFBP2/integrin interaction. In recent 

years, cell adhesion receptors of the integrin family have been found to regulate a variety of 

functions that are crucial to tumor initiation, progression and metastasis. Although integrins 

alone lack the ability to transform cells, a number of studies have revealed that several 
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integrins are required by oncogenes or receptor tyrosine kinases to initiate tumor growth 

[135].

Among the integrin family, expression of integrin β in various cell types is involved in 

malignant progression, and crosstalk between IGFBP2 and integrin β1 is implicated in 

tumorigenesis [68, 122, 136]. Exogenous IGFBP2, which can interact with membrane-

located integrins, has been shown to have an IGF-I-independent proliferative effect on 

prostate cancer DU145 cells that was markedly inhibited by a peptide targeting the RGD 

motif, or by a β1-integrin receptor-specific blocking antibody, indicating a role for IGFBP2 

interaction with integrin β1 subunit in tumor cell growth [136]. Similarly, in studies 

modeling glioblastoma, IGFBP2 expression was tightly linked to genes enriched in the 

integrin and integrin-linked kinase (ILK) pathways, and IGFBP2 governed downstream 

pathways via integrin activation. Moreover, studies have shown that IGFBP2 promotes ERK 

phosphorylation and nuclear translocation in an integrin-dependent manner, and the 

inhibition of ERK abrogates exogenous IGFBP2-induced proliferation and cell cycle 

progression [68]. Intriguingly, another study showed that endogenous IGFBP2 

overexpression in glioma cells affected invasion but not proliferation, whilst exogenous 

delivery of IGFBP2 potentiated glioma cell growth, indicating that IGFBP2/integrin 

interaction may be integral to tumorigenesis [122].

PTEN

PTEN is an important negative regulator of the cell-survival signaling pathway initiated by 

PI3K and is frequently disrupted in cancer [137, 138]. IGFBP2 is considered to be a 

candidate biomarker for PTEN status and PI3K/Akt pathway activation, and crosstalk 

between IGFBP2/PTEN is involved in oncogenic processes of multiple cancer types [21, 97, 

102, 118, 134, 136, 139]. A gene signature for loss of PTEN function was identified in 

glioblastoma tissue samples and in prostate cancer xenografts through expression profiling; 

the signature comprised genes involved in various pathways already implicated in tumor 

formation. Among these signature gene alterations, the most salient was an increase in 

IGFBP2 mRNA [118]. Consistent with the human tumor findings, IGFBP2 protein 

expression was substantially higher in isogenic mouse embryonic fibro-blasts (MEFs) 

isolated from PTEN knockout mice, indicating that IGFBP2 expression is antagonized by 

the PTEN tumor suppressor [118]. In addition, in a xenograft model, serum levels of human 

IGFBP2 were elevated in mice bearing PTEN-null tumors, but not PTEN wild-type tumors, 

indicating IGFBP2 serum levels may serve as clinical bio-markers of PTEN status [118]. 

Similarly, PTEN loss is also reported to be significantly associated with high levels of 

IGFBP2 expression in triple-negative breast cancer [21].

Alternatively, IGFBP2 has been demonstrated to suppress PTEN. IGFBP2 acts as a mitogen 

for vascular smooth muscle cells (VSMC), and has been shown to inhibit PTEN activity via 

enhanced PTEN tyrosine phosphorylation through dimerization with RPTPβ [97]. In 

addition, upon interaction with integrin β1, IGFBP2 mediates a consequent increase in 

PTEN phosphorylation in prostate cancer, which leads to inhibition of PTEN activation 

[136].
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Interestingly, IGF-II appears to induce an increase of PTEN, and IGFBP2 is reported to 

block feedback of IGF-II on PTEN, which eventually abrogates the PTEN antitumor effect 

in breast cancer [102]. In pancreatic cancer, IGFBP2 has been shown to suppress the 

expression level of PTEN protein, whereas PTEN transcript levels do not change, indicating 

that the regulation is at a post-transcriptional level [134].

NF-κB

Nuclear factor of κB (NF-κB) is a sequence-specific transcription factor that consists of 

different protein dimers and binds a common sequence motif known as the κB site. NF-κB 

target genes have been most extensively studied for their involvement in regulating cell 

proliferation, apoptosis and cell migration [140]. As a major transcription factor, NF-κB 

controls a variety of cancer-related genes, and enrichment of NF-κB targeted genes was 

observed in glioma and PDAC when stably expressing IGFBP2 [68, 134]. RELA (also 

known as p65) is responsible for most of the NF-κB transcriptional activity [141]. Higher 

levels of nuclear enrichment of p65 and p50 has been detected in wild-type IGFBP2 cells, 

compared with low levels in parental and RGE mutant (a mutant form of IGFBP2 that 

cannot bind integrin) cells [68]. As mentioned above, co-delivery of PDGFB/IGFBP2 

significantly contributes to an increase in HGDG incidence [123]. However, co-injecting a 

mutant form of IκBα (inhibiting NF-κB activation by retaining it in the cytoplasm) with 

PDGFB and IGFBP2 robustly prevents glioma progression in the RCAS/Ntv-a glial-specific 

transgenic mouse model, suggesting that IGFBP2 requires active or nuclear NF-κB to 

induce progression [68].

PI3K/Akt signaling has been implicated in the IGFBP2/ NF-κB regulatory network [134]. 

NF-κB contains an NLS motif at its carboxyl terminus that is recognized and functionally 

inhibited by IκB proteins. The IκB proteins that trap NF-κB dimers in the cytoplasm can be 

phosphorylated at a site comprised of two conserved serines (SS). Phosphorylation at this 

site targets the IκBs for ubiquitin-dependent degradation, and eventually releases the RELA 

subunit [141]. IGFBP2 has been shown to phosphorylate IκB via PI3K/Akt signaling 

activation, resulting in the nuclear translocation of RELA [134].

Nuclear regulation via EGFR-STAT3

As a pleiotropic oncogenic protein, IGFBP2 has both extracellular and intracellular 

functions (Fig. 4). Increasing evidence has shown that IGFBP2 governs a nuclear regulatory 

network that is tightly associated with tumor progression. Aside from extracellular 

modulation of IGFs, IGFBP2 was shown to be present within peri/nuclear fractions [142, 

143]. Recently, a classical nuclear localization signal (cNLS) sequence at 179PKKLRPP185 

within the IGFBP2 linker domain was detected, and mutation of this site abolished IGFBP2 

nuclear import. Consistently, as a transcriptional enhancer of the VEGF gene, IGFBP2 with 

NLS mutation failed to promote transcriptional activation of VEGF and induce angiogenesis 

in vivo, confirming that nuclear IGFBP2 is the key for VEGF transcriptional activation of 

[74].

IGFBP2 also participates in the regulation of important transcription factors. IGFBP2 has 

been reported to promote STAT3 transactivation activities via activation of the nuclear 
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EGFR signaling pathway [73]. In the clinical glioma tissues, immunohistochemical results 

show a clear correlation between IGFBP2 and STAT3 phosphorylation and nuclear co-

localization of IGFBP2 and EGFR. In the IGFBP2/EGFR/STAT3 network, IGFBP2 forms a 

complex with EGFR, and nuclear translocation of IGFBP2 is required for IGFBP2-mediated 

EGFR nuclear accumulation and eventual augmentation of the nuclear EGFR signal 

contributes to STAT3 transactivation activities [73]. Moreover, inhibition of IGFBP2 using a 

neutralizing antibody leads to an impairment of IGFBP2-associated phosphorylation of key 

members of the EGFR/STAT3 signaling pathway [126].

Oncogenic processes regulated by IGFBP2

Epithelial to mesenchymal transition

EMT is thought to be a fundamental embryonic process in which polarized epithelial cells 

convert into motile mesenchymal cells [144]. Abnormal reactivation of EMT in malignant 

disease can fuel both tumor initiation and meta-static spread [144], and pathological EMT 

features are observed during tumorigenesis [145].

IGFBP2 acts as a pivotal regulator of the EMT axis in PDAC and esophageal 

adenocarcinoma (EAC) [134, 146]. Both cancers tend to be asymptomatic and patients thus 

present at later stages. Moreover, high IGFBP2 levels are expressed in subsets of both EAC 

and PDAC patients, and tend to associate with poorer outcomes. In PDAC, IGFBP2 was 

reported as a key inducer of EMT, with both clinical and in vivo findings indicating that 

highly expressed IGFBP2 is a driver of lymph node metastasis. Moreover, IGFBP2 was 

shown to mediate EMT through activation of the NF-κB-associated pathway, and a model of 

IGFBP2-mediated regulation of the PTEN/Akt/IKKb/p65 axis in EMT has been proposed 

[134] (Fig. 4). In the IGFBP2-activated NF-kB network, IGFBP2 first activates PI3K/Akt by 

inactivating PTEN, which is an essential step for the phosphorylation of IKKβ and 

subsequent nuclear translocation of RELA (P65). Nuclear p65 enrichment leads to EMT 

initiation [134].

Role in angiogenesis

Angiogenesis, the generation of new blood vessels, is commonly deregulated in malignant 

tumors. Aberrant angiogenesis provides nutrients and oxygen to tumor cells, ultimately 

facilitating uncontrolled proliferation and malignant progression [147]. Numerous studies 

indicate a crucial role of IGFBP2 in pathologic angiogenesis [72, 74, 143, 148, 149].

In human neuroblastoma, IGFBP2 overexpression activates a pattern of gene sets involved in 

proliferation, migration and angiogenesis, among which the mRNA of vascular endothelial 

growth factor (VEGF) shows a 2-fold up-regulation [143]. Similarly, coexpression of 

IGFBP2 and VEGF is found in pseudopalisading cells surrounding tumor necrosis in 

glioma, suggesting IGFBP2 involvement in tumor angiogenesis [149]. Using a xenograft 

model of angiogenesis, studies demonstrated that nuclear IGFBP2 accounts for pathologic 

angiogenesis via enhancement of VEGF promoter transcriptional activity and subsequent 

proangiogenic activity [74, 143]. In melanoma, IGFBP2 has been found to induce 
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angiogenesis via extracellular interaction with αVβ3 integrin and subsequent activation of 

the PI3K/AKT pathway [72].

Endothelial cell migration is essential to angiogenesis [150]. In a breast cancer metastasis 

model, IGFBP2 secreted by the metastatic cells has been reported to initiate angio-genesis 

via recruiting endothelia [148]. Secreted IGFBP2 modulates extracellular IGF-I and 

subsequently activates IGF-IR on endothelial cells, ultimately enhancing endothelial 

chemotaxis toward metastatic cells [148].

It is known that tumor cells display the ability to drive tumor perfusion via vasculogenic 

mimicry (VM), an alternative fluid-conducting channel independent of endothelial cell 

angiogenesis. Recent studies have shown that elevated IGFBP2 expression is detected in VM 

positive glioma samples, and IGFBP2 promotes VM formation in vitro and in vivo via 

activation of CD144 and MMP2 [151]. Mechanistically, IGFBP2 activates the FAK/ERK 

pathway via interaction with integrin α5 and β1 subunits, which subsequently leads to 

augmentation of CD144 via activation of transcription factor SP1 [151].

Epigenetic regulation

DNA methylation often becomes deregulated in cancer cells [152]. IGFBP2 has been 

reported to have an association with DNA methylation status [126, 153, 154]. Low 

expression levels of IGFBP2 are linked to a generalized hypermethylation phenotype and 

improved survival in glioma [153]. Promoter DNA methylation profiling identified a distinct 

subset of glioblastoma that displays hyper-methylation at a number of loci, indicating the 

existence of a glioma-CpG island methylator phenotype (G-CIMP) [155]. Protein array data 

from the Cancer Genome Atlas GBM cohort showed that IGFBP2 levels are significantly 

decreased in G-CIMP+ cases [154]. Consistently, treatment of recombinant human IGFBP2 

upregulates the level of epigenetic factor lysine-specific demethylase 1 (LSD1/ KDM1A), 

resulting in a decrease in the levels of methylated histones (H3K9 and H3K27), which have 

been identified as direct targets of LSD1, further suggesting a role for IGFBP2 in epigenetic 

regulation [126].

Role in stemness

HSCs are multipotent stem cells that give rise to all lymphoid, myeloid, and erythroid cells 

when undergoing differentiation. A number of studies have identified several growth factors 

and secreted proteins that support the repopulation of HSCs. Among these secreted proteins, 

IGFBP2 was found to be an extrinsic factor that supports ex vivo expansion of HSCs [104, 

156, 157]. Mechanistically, HSCs from IGFBP2-null mice have decreased expression of the 

antiapoptotic molecule Bcl-2, and increased levels of multiple cell cycle inhibitors, including 

p21, p19, p16, p57, and PTEN [104]. Moreover, the C-terminus of extrinsic IGFBP2, and 

not the RGD domain, is essential for sustaining HSC activity and the effect of extraneous 

IGFBP2 on HSCs is independent of IGF-IR-mediated signaling [104].

Basal cell carcinoma (BCC) skin tumors develop due to the aberrant expansion of epidermal 

basal cells in the proliferative compartment of the skin [158]. In BCC, IGFBP2 has been 

shown to regulate epidermal progenitor cell expansion, and blocking IGFBP2 expression 

reduces the Hedgehog-mediated expansion of epidermal progenitor cells [158]. In glioma, 
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IGFBP2 has been found to be overexpressed within the stem cell compartment of GBMs, 

acting as an essential factor for the clonal expansion and proliferative properties of glioma 

stem cells [159].

Potential role in immune regulation

Growing evidence implicates IGFBP2 in immune modulation. As a circulating biomarker 

for several cancers, IGFBP2 can be secreted by tumor cells and contributes to shaping the 

tumor microenvironment.

Microglia and macrophages comprise the resident immune population within the brain. 

Activation of the microglia/macrophage population, which also constitutes the major 

immune cell composition within brain tumors, contributes to glioma proliferation [160, 

161]. In the human CNS, accumulation of IGFBP2 is observed in activated microglia/

macrophages [162]. Consistently, in a panel of 50 human gliomas of varying malignancy, 

IGFBP2 immunoreactivity is detected in both glioma cells and macrophages/ microglia, and 

these IGFBP2-positive macrophages/micro-glial and glioma cells accumulate in the 

immediate vicinity of focal areas of necrosis [163], indicating a potential correlation 

between IGFBP2-positive macrophages/microglia and glioma cells in necrosis areas. In 

addition, activation of the NF-κB pathway, which has been shown to be a downstream target 

of IGFBP2, has been confirmed to induce cancer-related inflammation in colitis-associated 

cancer, and this process determines the balance between the protumor and antitumor 

properties of macrophages [164]. Recently, bioinformatics analysis of gene expression 

profiles from 2447 glioma samples demonstrated an association of IGFBP2 with 

immunosuppressive activities and with well-characterized immunosuppressive biomarkers 

such as CHI3L1, TNFRSF1A, LGALS1, TIMP1, VEGFA, ANXA1, and LGALS3 in GBM 

[119]. In summary, increasing evidence links IGFBP2 to cancer-related immune responses. 

Further studies are required to address the underlying mechanisms.

Therapeutic implication

Given its key role as a tumorigenesis network hub that integrates multiple cancer signaling 

pathways, IGFBP2 emerges as a promising therapeutic target in cancer. OGX-225, an 

antisense oligonucleotide targeting IGFBP2, was first used in a study in breast cancer. Both 

in vitro and in vivo, OGX-225 resulted in a decrease in IGFBP2 expression level and 

abolished the associated aggressive phenotype of MDA-MB-231 cells that constitutively 

over-express IGFBP2 [20]. In glioma, inhibition of IGFBP2 using a neutralizing antibody 

resulted in impairment of IGFBP2-associated oncogenic signaling pathways, as measured by 

the abolished phosphorylation of members in the EGFR/STAT3 signaling pathway and 

suppression of epigenetic factors LSD1 [126]. In addition, a human single chain 

recombinant monoclonal antibody that was developed against IGFBP2 showed an inhibitory 

effect on GBM invasiveness [165]. This single chain recombinant monoclonal antibody was 

designed to target IGFBP2 at its carboxy terminal domain, disassociating the IGFBP2-cell 

surface interaction to inhibit IGFBP2-induced migration and invasion of glioma cells [165].

IGFBP2 is aberrantly expressed in breast cancer and contributes to uncontrolled 

proliferation and poor prognosis as previously set forth. Stimulating immune eradication of 
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IGFBP2-overexpressing breast cancer cells has been recognized as a potential 

immunomodulation strategy [166]. In breast cancer patients, immunity of IGFBP2–specific 

IgG antibody is almost tenfold the level of nonmalignant control patients. Moreover, 

IGFBP2 peptide-specific T cells have been shown to respond to IGFBP2 protein; IGFBP2 

peptide vaccination significantly inhibits tumor growth in the neu transgenic mouse model 

[166]. A compounding factor in immunization against self-tumor antigens is the induction of 

T-regulatory cells, which weakens the proliferation of Type I T cells that are required for 

potent antitumor immunity. To solve this problem, the idea of selection of particular portions 

of a tumor antigen emerges, which specifically stimulates type I T cells, but not type II cells. 

In IGFBP2 vaccine, to improve efficacy, immunosuppressive epitopes from the C-terminus 

were removed, and the remaining N-terminus vaccine showed potent antitumor activity 

[167].

MicroRNA (miR) mimics and sponges, short non-coding RNAs that can alter gene 

expression by post-transcriptional regulation, are being assessed for their utility as 

therapeutic agents. Both mature products of miR-491 (miR-491–5p and −3p) have been 

shown to have tumor suppressor functions in multiple cancer types [168, 169]. Both 

miR-491–5p and −3p show an inverse correlation with expression of IGFBP2 in GBM and 

are demonstrated to be downregulated in tumors compared with the normal brain [170]. 

Furthermore, decreased expression of miR-491–3p secondary to genomic deletion is a key 

event in the generation of elevated IGFBP2 expression via the target site on IGFBP2 3′-
UTR. Thus, miR-491–5p and miR-491–3p represent a new class of therapeutic agents that 

directly target IGFBP2 to exert an antiproliferative effect on glioblastoma cells [170].

Conclusions

The ongoing development of knowledge about IGFBP2 and elucidation of its roles in cancer 

has led to a conceptual change for this oncogene, progressing from an IGFs system regulator 

to an independent tumorigenic factor. Nevertheless, the detailed mechanism underlying its 

tumorigenic function and immune regulation still needs to be clarified. IGFBP2 has been 

found to participate in oncogenic processes in multiple cancer types while utilizing multiple 

regulatory mechanisms, indicating that IGFBP2-associated oncogenes may have a specific 

activation status in different malignancies. In addition, the multiple functional domains of 

IGFBP2 suggest a spatial regulation of IGFBP2 tumor biology: different regulatory 

mechanisms operating in the extracellular, intracellular, and nuclear environments. The 

complicated regulatory patterns seen in human tumors underscores the need for detailed 

understanding of the IGFBP2-driven oncogenic network, which is necessary for the future 

clinical applications. In this review, we provide an overview of the most relevant modes of 

crosstalk and cooperativity between IGFBP2 and other signaling molecules during 

tumorigenesis. Oncogenic signaling pathways governed by IGFBP2 are functionally 

enriched in proliferation, invasion, metastasis, angiogenesis, and epigenetic regulation 

motifs. Functioning as the hub of the oncogenic network, IGFBP2 integrates a series of 

signaling pathways that contribute to tumor initiation and progression. Among the members 

of the IGFBP2-associated oncogene network, IGFBP2 itself modulates the distribution, 

function, and activity of IGFs in the pericellular space. Integrin functions as a receptor for 

collecting IGFBP2 extracellular signals. PTEN, a tumor suppressor, acts as a checkpoint in 
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IGFBP2 cascade signal transduction. STAT3 and NFκB are two major downstream 

transcriptional factors of IGFBP2 that direct tumorigenic intracellular signaling. Finally, 

nuclear IGFBP2 can also function as a tumor enhancer by directly targeting multiple 

oncogene promoters.

Through a large number of detailed investigations, IGFBP2 has been shown to be a crucial 

tumorigenic factor and a viable therapeutic target in multiple cancers. However, even as a 

strong, clinically relevant oncogene, there is currently no available inhibitor directly 

targeting IGFBP2 so far. As an alternative therapeutic strategy, multiple interacting proteins, 

such as integrin, STAT3, NF-κB, and other molecules that are significantly involved in 

IGFBP2-driven tumorigenesis, can serve as promising druggable targets for those tumors 

with high IGFBP2 expression, with possible therapeutic strategies including targeting the 

IGFBP2-associated effectors in combination as a primary treatment or as an adjuvant to 

current standard therapies. Undoubtedly, a detailed understanding of IGFBP2-regulated 

signaling will be crucial to the identification of pathways that are preferentially mediated by 

IGFBP2 in different cancer types, and pharmacological manipulation based on this 

knowledge holds promise for revolutionizing outcome for patients with IGFBP2-driven 

tumors.
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Fig. 1. Domain organization of human IGFBP2 protein.
Mature IGFBP2 commonly comprises three major domains: N-terminal domain and C-

terminal domain joined by an L-domain. N-terminal: Involved in the binding with IGFs. L-

domain: the NLS motif is mainly within the L-domain and guarantees nuclear translocation. 

C-terminal domain: RGD motif, HBD2 motif, and an IGF-binding domain are located in C-

terminal domain. Amino acid sequence numbering is based on human IGFBP2.
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Fig. 2. Diagram of IGFBP2 functions in embryogenesis and tumorigenesis.
IGFBP2 is predominantly expressed in fetal tissues that are highly proliferative, such as the 

early postimplantation epiblast and ventricular zone of rostral neuroepithelium, the apical 

ectodermal ridge, nascent astroglia, and the progenitors of spleen and liver cells. Aberrant 

expression of IGFBP2 is found in many types of human cancer and is implicated in multiple 

diverse oncogenic events.
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Fig. 3. Schematic diagram of the oncogenic network governed by IGFBP2.
IGFBP2 governs an oncogenic network involved in the proliferation, invasion, metastasis, 

angiogenesis, methylation and immortality of tumors.
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Fig. 4. Mode of signal transduction of IGFBP2 in tumorigenesis.
IGFBP2 is detected in the ECM, plasma and nucleus. Extracellular IGFBP2 can modulate 

intracellular activity via interaction with integrin, by translocation through the cell 

membrane, and by contributing to IGF-dependent actions. PTEN acts as a checkpoint in 

IGFBP2 cascade signal transduction. IGFBP2 potentiates EGFR and RELA nuclear 

accumulation, with resultant activation of oncogenic pathways. IGFBP2 can also function as 

a transcriptional enhancer, directly targeting oncogene promoters.
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