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Abstract

Highly conserved Inhibitor of DNA Binding (ID1-4) genes encode multi-functional proteins whose 

transcriptional activity is based on dominant negative inhibition of basic helix-loop-helix (bHLH) 

transcription factors. Initial animal models indicated a degree of compensatory overlap between 

ID genes such that deletion of multiple ID genes was required to generate easily recognizable 

phenotypes. More recently, new model systems have revealed alterations in mice harboring 

deletions in single ID genes suggesting complex gene and tissue specific functions for members of 

the ID gene family. Because ID genes are highly expressed during development and their function 

is associated with a primitive, proliferative cellular phenotype there has been significant interest in 

understanding their potential roles in neoplasia. Indeed, numerous studies indicate an oncogenic 

function for ID1, 2 and 3. In contrast, the inhibitor of differentiation 4 (ID4) presents a paradigm 

shift in context of well-established role of ID1, 2 and 3 in development and cancer. Apart from 

some degree of functional redundancy such as HLH dependent interactions with bHLH protein 

E2A, many of the functions of ID4 are distinct from ID1, 2 and 3: ID4 proteins a) regulate distinct 

developmental processes and tissue expression in the adult, b) promotes stem cell survival, 

differentiation and/or timing of differentiation, c) epigenetic inactivation/loss of expression in 

several advanced stage cancers and d) increased expression in some cancers such as those arising 

in the breast and ovary. Thus, in spite of sharing the conserved HLH domain, ID4 defies the 

established model of ID protein function and expression. The underlying molecular mechanism 

responsible for the unique role of ID4 as compared to other ID proteins still remains largely un-

explored. This review will focus on the current understanding of ID4 in context of development 

and cancer.

© 2014 Elsevier B.V. All rights reserved.
*Corresponding Author: Dr. Jaideep Chaudhary, Professor, Room No. 4029D, Dept. of Biological Sciences, Thomas W Cole Jr. 
Research Center, Clark Atlanta University, Tel: 404 880 6821, Fax: 404 880 8065, jchaudhary@cau.edu. 

Authors have no conflict of interest to declare.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2016 January 01.

Published in final edited form as:
Biochim Biophys Acta. 2015 January ; 1855(1): 92–103. doi:10.1016/j.bbcan.2014.12.002.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Keywords

ID4; bHLH; Development; Cancer Angiogenesis; Senescence; Proliferation; Androgen 
Independence; cancer; epigenetics; differentiation

1. Introduction

ID proteins (ID1, ID2, ID3 and ID4) are dominant negative transcriptional regulators of 

basic Helix Loop Helix (bHLH) transcription factors that lack the basic DNA binding 

domain but have intact HLH domain [1]. Thus ID proteins can interact with bHLH proteins, 

but the heterodimer fails to bind DNA and activate E-Box dependent transcription of target 

genes. ID proteins regulate the function of various ubiquitously expressed and tissue specific 

bHLH transcription factors as well as many non-bHLH proteins with different affinities 

[2-4] in complex transcriptional networks. In this review we focus on the current 

understanding of ID4 in development and cancer. The global perspective on ID proteins has 

been expertly reviewed elsewhere [1, 5-8].

The de-regulation of ID proteins contributes to developmental defects and neoplastic 

progression. Based on significant sequence homology of ID protein sub-types within the 

HLH domain, a degree of functional redundancy is expected at least in their interaction with 

bHLH transcription factors. However, recent studies suggest that each of the ID sub-type 

also participates/regulates unique biological activities which is evident from non-

compensatory phenotypes in ID specific knockout models and preferred protein interactions, 

both bHLH and non-bHLH. In this context Inhibitor of differentiation/DNA-binding 4 (ID4) 

has emerged as an outlier in terms of expression and function. Evidence from animal models 

indicates that phenotypic changes and molecular pathways regulated by ID1, ID2 and ID3, 

in general are not similar to those regulated by ID4. The opposing function of ID4 (focus of 

this review) versus IDs 1, 2 and 3 also suggest that the core function of ID proteins as 

dominant negative bHLH transcriptional regulators may be just a fraction of their overall 

function. The majority of ID subtype specific function could involve unknown and perhaps 

yet undefined interactions with sequence specific bHLH or non-bHLH proteins resulting in 

non-overlapping biological endpoints.

2. ID4 sequence and structural properties

ID4 is located on a 4Mb region on chromosome 6p22.3 and consists of three exons [9]. 

Exons 1 and 2 code for the protein whereas exon 3 exists only as a 3′ un-translated region. 

ID4 is the longest protein within the ID family with 161 residues (Fig. 1) and shares the core 

HLH domain but divergent N- and C- terminal domains [2] compared with other ID proteins 

(Fig. 1). At least four amino acids are unique in the ID4 HLH domain: glutamine, cysteine 

and arginine in helix 1 and proline in the loop region (Fig. 1, indicated by asterisks). In 

general all ID proteins have between 3 (ID1), 4 (ID2) and 10 (ID3) amino acids changes 

respectively (7-24%) as compared to the conserved HLH domain sequence (41 amino acid 

stretch) [10]. The subtle changes in the core HLH domain but highly divergent N-terminal 

(Alanine rich) and C-terminal (Proline rich) domains (Fig. 1, indicated by red lines) could 
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result in unique function of ID4 as opposed to the other ID protein family members. 

Therefore, ID4 can be considered as a remote homologue of ID1, 2 and 3.

The origins of ID proteins can be traced back to the D. melanogaster extramacrochaetae 

(emc) gene (reviewed in [11]). As orthologs of emc, the four ID proteins are paralogs that 

appeared through gene duplication in vertebrates.

The poly-alanine rich N-terminal tract in ID4 appears to be rapidly evolving. Similar to the 

poly-alanine tracts of HOXA13 [12] and class III POU [13] transcription factors that 

appeared only in mammals, the poly-alanine tract in ID4 also first appeared in primitive 

mammals such as opossum (marsupials) but is absent in lower vertebrates such as alligators, 

xenopus, zebra fish and birds (Gallus, Finch) (Fig. 2). Thus the poly-alanine tract in ID4 

evolved independently as compared to its paralogs ID1, 2 and 3, hence conserved for 

functional reasons. The poly-alanine tract in ID4 is consistent with similar tracts which are 

preferentially found in many transcription factors and lies outside, usually towards the N-

terminal of the functional domains (such as N-terminal to HLH domain in ID4). This tract 

generally acts as a flexible spacer element located between the functional domain of a 

protein and therefore essential to protein conformation, protein–protein interactions and/or 

DNA binding [14]. The length of the poly-alanine tract in ID4 (n=10) is also within 

threshold for normal function, whereas an increase in the length beyond this threshold 

results in human diseases (≤10) [15]. In fact, structural studies suggest that none of the N- 

and C- terminal fragments of any of the ID proteins adopts a helical conformation, except 

the N-terminal 27-64 fragment of ID4 [10], a motif that is dictated by the alanine residues 39 

and 48 (Fig. 1). Thus the alanine rich N-terminal domain could be a functionally important 

domain in ID4. In this context, the unique function of ID4 suggests the potential for positive 

selective pressure for developing and maintaining the divergent Id4 locus during evolution.

The over-representation of proline within the C-terminal end may also impart additional 

structural and functional features unique to ID4. Proline is a strong promoter of intrinsic 

disorder [16, 17] and thus likely supports the internal disorder at the ID4 C-terminal domain. 

Indeed, the overall percent disorder (predicted by PONDR: Predictor of Naturally 

Disordered Regions [18]) in ID4 is highest among all the ID proteins: ID4-70.2%, 

ID2-59.7%, ID3-35.29% and ID1-28.6%. The low complexity proline rich region in ID4 

suggests that ID4 like other internally disordered proteins also lacks a defined 3-D structure 

at the C-terminal that favors protein-protein interactions by presenting a larger interaction 

surface allowing multiple binding partners [17, 19]. Hence structural divergence through 

acquisition of new functionally relevant domains in ID4 suggests a potential novel role in 

development and differentiation as compared to IDs 1, 2 and 3.

3. The Role of ID4 during development and differentiation

ID proteins are expressed by essentially all cell lineages at some point during embryonic 

development. Consensus suggests that ID expression is highest in undifferentiated, 

proliferating populations and subsequently down-regulated as these cells exit from cell cycle 

and terminally differentiate [7].
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By in situ hybridization on mouse development post-gastrulation, ID1, 2 and 3 expression is 

observed in multiple tissues whereas the expression of ID4 is non-overlapping and restricted 

to neuronal tissues and in the ventral portion of the epithelium in developing stomach [20]. 

In adult human tissues, ID4 expression is observed in brain, thyroid, testis and pancreas 

[21]. ID4 is also required for normal mammary [22] and prostate gland development [23].

ID4 is highly expressed in osteoblasts [24], adipocytes [25], prostate epithelial cells [23] 

neurons [26], testicular Sertoli cells [27] and during differentiation in glial cells [28] 

supporting its role as a pro-differentiation factor. ID4 is also expressed in germ cells at 

various stages of development: spermatogonial stem cells [29], spermatocytes, pachytene 

spermatocytes and spermatids [30].

Unexpectedly, overexpression of ID4 in oligodendrocyte progenitor cells (OPC) prevents 

differentiation associated with a decrease in the endogenous expression of all myelin genes. 

Conversely, OPCs lacking ID4 display precocious differentiation and increased apoptosis 

[31] suggesting that ID4 is required for the development of oligodendrocytes. A progressive 

decline in ID4 transcription is also a part of the intracellular timer that helps determine when 

oligodendrocyte precursor cells withdraw from the cell cycle and differentiate [32]. This 

unique phenotype supports the role of ID4 as inhibitor of differentiation, the classical 

function of ID proteins.

Immuno-cytochemical studies have shown that ID4 is localized to the nucleus in OPCs [32] 

and spermatids, but remains cytoplasmic in spermatocytes [30].

Collectively, the studies suggest that ID4 can act as pro- or anti-differentiation factor in a 

cell specific manner. The integration of various cellular events such as response to specific 

ligands and possibly cell specific interacting proteins could eventually determine whether 

ID4 regulates proliferation and/or differentiation and cellular localization.

4. ID4 knockout mouse models

4.1 Global ID4 knockout Model

Two different global ID4 knockout (ID4-/-) mouse models exist. In the first ID4-/- model 

(strain 129X1/Svj,) developed by Mark Israel's group (ID4tm1Mais in MGI database [33]), 

exons 1 and 2 were replaced by GFP and neomycin-resistance genes via homologous 

recombination in JM-1 ES line [26]. The second ID4-/- model (strain 129P2/OlaHsd) was 

developed by Fred Sablitzky's group (ID4tm1Fsky in MGI database) [34]. In this model the 

sequence encoding HLH domain and most of the C-terminus of the gene was replaced by the 

lacZ-neo cassette. The cassette was inserted in-frame, allowing the expression of a fusion 

gene encoding the N-terminal 65 amino acids of ID4 fused to beta-galactosidase.

Both the ID4-/- mouse models displayed essentially similar phenotypes in the brain 

(decreased brain size, abnormal fat cell morphology) and mammary gland. The ID4tm1Fsky 

model appears to have a more severe phenotype as a result of associated embryonic lethality 

(50% die in utero or neonatally). The surviving homozygous mutant mice lose weight 

rapidly, probably due to a defect in abnormal adipose tissue development and osteoporosis 
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with only 20% surviving through adulthood. A similar phenotype in the ID4tm1Mais model 

was not reported.

4.1.1 ID4 and neuronal development (ID4tm1Mais and ID4tm1Fsky)—During 

development, depletion of ID4 in mice also revealed its essential role in normal brain 

development and function, where it is required for neural stem cell proliferation and 

differentiation [26], lateral expansion of the proliferative zone in the developing cortex, and 

hippocampus and proliferation in the ventricular zones [26, 34]. In the absence of ID4, 

neural precursor cells proliferate more slowly than their wild type counterpart, highlighting 

the essential regulatory role of ID4 during neural stem cell proliferation and fate 

determination. Though not investigated, the cognitive abilities of ID4-/- mice could provide 

some interesting clinical correlates.

4.1.2. ID4 and mammary gland morphogenesis (ID4tm1Mais and ID4tm1Fsky)—In 

mouse mammary gland, Id4 is expressed in cap cells, basal cells and in a subset of luminal 

epithelial cells where it promotes ductal elongation and branching morphogenesis [22]. 

Targeted ID4 deletion impairs ductal expansion and branching morphogenesis as well as cell 

proliferation induced by estrogen and/or progesterone. ID4 also maintained the survival of 

normal mammary cells as well as cultured mammary tumor cells [22].

4.1.3. ID4 and spermatogenesis (ID4tm1Mais)—In mice lacking ID4 expression, 

quantitatively normal spermatogenesis was found to be impaired due to progressive loss of 

the undifferentiated spermatogonial population during adulthood. ID4 expression was 

observed in spermatogonial stem cells (SSCs) in the mouse germline where it was shown to 

regulate self-renewal. Specifically, ID4 is expressed by a sub-population of type A single 

spermatogonia in mouse male germ line [29]. GDNF, a key growth factor driving self-

renewal was found to up-regulate ID4 expression in isolated SSC-enriched fractions [29].

4.1.4. ID4 and Osteoporosis (ID4tm1Fsky)—A drastic reduction in osteoblast 

differentiation with a corresponding increase in differentiation toward adipocytes was 

observed in ID4-/- mice. ID4 promotes osteoblast differentiation by releasing Hes1 from 

Hes1-Hey2 complexes. Subsequently, Hes1 increases the stability and transcriptional 

activity of Runx2, a key molecule of osteoblast differentiation, which results in an enhanced 

osteoblast-specific gene expression [24].

4.1.5. ID4 and prostate cancer (ID4tm1Mais)—A large cohort of studies demonstrating 

a strong association between the loss of ID4 expression in many cancers suggests that ID4-/- 

mouse could present with multiple cancers at some point in the lifetime. To date, the cancer 

phenotype has been well established only in the prostate of ID4-/- mice. ID4 is highly 

expressed in wild type mouse prostate as well as the normal human prostate. We have 

shown that ID4 is a key regulator in the normal development of various androgen dependent 

organs of the male genital tract in general and specifically of the prostate. Prostates from 

ID4-/- mice have smaller size, decreased branching morphogenesis and decreased 

differentiated luminal cells as demonstrated by almost complete loss of NKX3.1 expression, 

a marker of differentiated luminal epithelial cells [23]. A similar defect in branching 

morphogenesis in the developing mammary gland of ID4-/- [22] therefore appears to be a 
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consistent mechanism. The presence of PIN lesions, the earliest stage of prostate cancer [23] 

in 6 weeks old ID4-/- mouse prostate suggested that loss of ID4 may be an initiating event in 

prostate cancer development. ID4 had no effect on androgen receptor (AR) expression as 

well as its translocation to the nucleus. Interestingly, the expression of androgen dependent 

genes such as the homeobox NKX3.1 decreased; which was in part due to loss of AR 

binding on its respective response element. In contrast, the expression of other AR target 

genes such as probasin and Myc increased, suggesting that ID4 may differentially regulate 

AR binding to its corresponding binding site. Furthermore, expression of Pten, a known 

tumor suppressor, is also decreased in ID4-/- mice [23].

Clearly, tissue specific ID4 knockouts need to be developed in order to fully understand its 

role in development, differentiation and disease. The existing global ID4 knockouts should 

also be thoroughly analyzed since some of the effects could be subtle and may not result in 

easily identifiable large scale developmental phenotypes such as those observed in brain and 

reproductive tracts.

4.2 Tissue Specific ID4 Knockout models

Recently, the entire reading frame of Id4 (exons 1 and 2) flanked by LoxP sites was created 

[35]. This model is a significant step forward in developing tissue specific Id4 knockouts 

using targeted expression of Cre recombinase. The cross between MMTV- Cre which directs 

the expression primarily to secretory epithelium of virgin and lactating mammary gland, the 

salivary gland, seminal vesicle, skin, erythrocytes, B cells and T cells or K-14-Cre (KRT14-

Cre) with expression primarily in ectoderm and its derivatives was used to understand the 

role of ID4 knockout on mammary gland development and ovarian function. The mammary 

gland phenotype in this model was essentially similar to that of the global Id4 KO model 

discussed above, that is delay in ductal morphogenesis, in part due to increase in the 

expression of estrogen receptor-α (ERα), progesterone receptor (PR) and FOXA1 [35]. In 

the ovary, Id4 is expressed in the granulosa cells of secondary and antral follicles. 

Consequently, lack of Id4 resulted in a significant increase in the numbers of secondary and 

antral follicles as well as atretic (degenerating) follicles. The authors attributed the ovarian 

phenotype in Id4-/- mice due to decreased estrogen biosynthesis [35].

5. ID4 and Cancer

ID4 appears to act primarily as a tumor suppressor in most cancers as opposed to ID1, ID2 

and ID3 which acts as tumor promoters or supporting oncogenes [1, 36, 37]. In a small 

subset of cancers, ID4 also acts as a tumor promoter (Fig. 3). Beyond correlative studies 

showing ID4 expression in tumors, the underlying molecular mechanism remains largely 

unexplored.

5.1: ID4 as a tumor promoter

The role of ID4 as a tumor promoter is based on the evidence (experimental and meta-

analysis) that increased ID4 expression is observed in a small subset of cancers (Fig. 3).

Breast Cancer—A clear picture relating ID4 expression with breast cancer has not 

emerged. Epigenetic silencing of ID4 is observed in Columnar Cell lesions (CCL) and 
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Ductal Carcinoma in situ (DCIS)/invasive carcinoma [38] and majority of sporadic breast 

cancers [39]. ID4 expression is also absent in ERα positive atypical ductal hyperplasia, 

ductal carcinoma in situ and invasive carcinomas but present in normal ERa negative 

mammary epithelial cells [40] suggesting that ERa could negatively regulate ID4 [39, 40]. 

Increased ID4 expression is observed in basal celllike breast cancer [41], triple negative 

breast cancer (TNBC) (including 4T1 mouse mammary cancer cell line [42, 43]) but not in 

non-TNBC. In meta-analysis, no significant association was found between ID4 and breast 

cancer [44].

The ID4 gene expression profile in The Cancer Genome Atlas (TCGA) dataset is consistent 

with results discussed above. ID4 is highly expressed in the normal breast tissue and in 

Basal cell like cancers (ERα-ve) (Fig. 4A). Interestingly, ID4 expression was found to be 

lower in Luminal B type cancers as compared to Luminal A type (Fig. 4A). Both Luminal A 

and B type cancers are ER+ve, but Luminal B type cancer tend to be of higher histological 

grade than Luminal A type [45].

Other Cancers—Increased ID4 expression is observed in primary serous ovarian cancer 

cancer [46]. ID4 is also highly expressed in Glioblastoma [47]. In glioblastoma multiforme 

(GBM), high ID4 expression was also observed in TCGA data sets, specifically in classical, 

neuronal and pro-neural types (Fig. 4B).

A tumor-penetrating nano-complex (TPN) comprised of siRNA complexed with a tandem 

tumor-penetrating and membrane-trans-locating peptide, which enables the specific delivery 

of siRNA deep into the tumor parenchyma was employed in vivo to evaluate the role of ID4 

as an oncogene [46] in tumors, where ID4 expression is elevated such as those of the ovary. 

Treatment of ovarian tumor-bearing mice with ID4-specific TPN suppressed growth of 

established tumors and significantly improved survival suggesting that targeting ID4 

expression is a viable therapeutic strategy in cancers that over-express ID4.

5.2. ID4 DNA Alterations

ID4 is consistently co-amplified with E2F3 in aggressive bladder cancers [48]. On the 

contrary, genomic loss of ID4 is observed in Hodgkin's Lymphoma [49].

Cytogenetic abnormalities resulting from chromosomal 6 translocations are also very 

common in hematologic malignancies. ID4 was demonstrated in one case of B-cell lineage 

acute lymphoblastic leukemia (ALL) with t(6;14) (p22;q32) [50] indicating that ID4 may act 

as an oncogene in some human leukemia cases through its ability to sequester specific B-cell 

transcription factors. In general, ID4 expression is down-regulated in ALL [51], hence the 

translocation observed in one clinical case could be an isolated incidence in the backdrop of 

other genomic alterations.

5.3. ID4 as a tumor suppressor

Epigenetic silencing of ID4 in many cancers has prompted investigators to classify it as a 

tumor suppressor [40, 49, 52-57] (Fig. 3). ID4 is epigenetically silenced in: Leukemia [53], 

AML [58], CLL [59], ALL [51], glial neoplasia [60], squamous cell carcinoma [61], gastric 

cancer [62], pancreatic cancer [63], colorectal [64], lymphoma [65], cholangiocarcinoma 
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[55], esophageal [66] and lung cancer [54]. Meta-analysis in Oncomine database [67] also 

suggested that ID4 expression is decreased in majority of cancers (Fig. 3).

5.3.1. ID4 and Prostate Cancer—Previous studies from our laboratory strongly support 

the role of ID4 as a tumor suppressor in prostate cancer (PCa) [52, 68]. Immuno-

histochemical analysis of normal and malignant human prostate tissue microarray shows that 

ID4 is down regulated specifically in prostate cancer but not in normal adjacent prostate 

glands [68] (see also TCGA PRAD dataset in Fig. 4C). Decrease in ID4 expression is stage 

dependent with majority of high grade tumor samples showing negligible ID4 expression 

while high ID4 expression is observed in the normal prostate tissue [68]. We have shown 

that ID4 is expressed in PCa cell line LNCaP (low tumorigenic, androgen sensitive [69]), 

low in PC3, but not in C81 (androgen insensitive and more tumorigenic LNCaP derivative 

[70]), and DU145 cells [68]. Furthermore, similar to other cancers, the decrease in ID4 

expression in prostate cancer tissue and cell lines was attributed to promoter 

hypermethylation [52, 68]. Our study was also validated by Vinarskaja et al who confirmed 

ID4 promoter hypermethylation and down-regulation in prostate cancer [71].

Silencing of ID4 in LNCaP prostate cancer cells (LNCaP(-)ID4) results in a castration 

resistant phenotype, partly due to gain of de novo steroidogenesis [72]. The LNCaP(-)ID4 

cells also form tumors in castrated mice as compared to LNCaP cells [72] suggesting that 

ID4 is required to maintain the tumor suppressive function of AR whereas loss of ID4 

results in tumor promoter activity of AR. These results could explain the Id4-/- mice prostate 

phenotype where AR is expressed at levels similar to wild type mice but associated with PIN 

lesions [23]. At the mechanistic level, ID4 may regulate the expression or function of 

specific but yet unknown AR co-regulators that may determine the final outcome of AR 

function.

5.4. ID4 in prognosis and survival

Inactivation of ID4 is also associated with poor differentiation and unfavorable prognosis in 

colorectal carcinoma [57]. In breast cancer loss of ID4 [73] is associated with recurrence 

free survival, and increased tumor relapse [56]. AML patients with myelodysplastic 

syndrome (MDS) exhibited a significantly higher frequency of ID4 methylation with shorter 

survival [74].

In chronic myeloid leukemia, methylation of the ID4 promoter increases as the disease 

progresses from ‘chronic phase’ to ‘accelerated phase’ to ‘blast crises’ [73]. In a separate 

study ID4 was found methylated in 86% of acute leukemia patients and 100% in leukemia-

relapse patients [75]. ID4 expression was reduced by promoter methylation in 95% of B-cell 

lymphoma samples and 100% of follicular lymphoma samples.

5.5. ID4 and angiogenesis

Glioblastoma derived tumor cell expressing elevated levels of ID4 produce enlarged 

xenografts in immunosuppressed mice that were better vascularized than corresponding 

control tumors suggesting a novel pro-angiogenic function to ID4 (mediated by Matrix GLA 

protein (MGP)) [76]. In glial neoplasms down regulation of ID4 is associated with inhibition 
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of angiogenesis [60]. In breast cancer cells increased ID4 expression may also promote 

angiogenesis through stabilization of GRO-α and IL-8 mRNA [77]) (Table I). Collectively, 

these studies suggest that ID4 supports angiogenesis in cancers in which it is over-

expressed.

5.6. ID4 and Chemo-resistance

High ID4 expression was shown to promote chemo resistance to anticancer drugs in glioma 

stem cells (GSCs) by suppressing microRNA-9 which in turn led to an increase in the 

expression of SOX2 (Table I). SOX2 is a non bHLH transcription factor known to play key 

role in development and maintenance of GSCs and is repressed by microRNA-9. The 

resulting ID4 mediated increased expression of SOX2 further induced ABC transporters 

such as ABCC3 and ABCC6 through direct transcriptional regulation resulting in chemo 

resistance of GSCs [78].

It is evident from the above studies that ID4 expression and association with various disease 

modalities even in same cancer types such as breast and glioblastoma is often conflicting. 

The analytical tools such as specific ID4 antibodies, RT-PCR strategy (given that ID4 gene 

is highly CG rich) and specific CpG islands in the promoter itself needs to be revaluated and 

validated. This is apparent from a prostate cancer study which demonstrated a positive 

correlation between ID4 overexpression with the Gleason score and metastatic progression 

[79]. Use of highly specific ID4 antibodies, TCGA prostate adenocarcinoma (Fig. 4C) and 

Oncomine databases (Fig. 3) clearly presented an inverse correlation between ID4 

expression and prostate cancer. Most of the ID4 promoter methylation studies on cancers 

where ID4 is silenced have focused on the proximal promoter (surrounding the 

transcriptional start site) hence comparable and confirms epigenetic inactivation. Cancer 

heterogeneity may also contribute equally to inconsistent results. It is likely that ID4 

expression is limited to a sub-set of cancers (e.g Luminal Type A vs. Luminal Type B breast 

cancers, Fig. 4A), particularly in context of heterogeneity observed in many cancers. 

Decreased angiogenesis with better prognosis and increased survival in a subset of 

glioblastoma with low ID4 [60, 80] whereas high ID4 particularly in cells which are in close 

proximity to the vasculature [76, 81] clearly supports an association between ID4 expression 

and cancer subtypes. A strong relationship between ID4 expression and cancer subtypes, 

particularly in GBM and breast is also evident from TCGA datasets (Fig. 4A and B). A clear 

discrimination between cancer subtypes (Breast and Glioblastoma), apparent from TCGA 

datasets (Fig. 4A and B) suggests that ID4 expression is a strong predictor of associated 

disease modalities.

The contrasting expression of ID4 in various cancers (and sub-types) is suggestive of a 

complex molecular mechanism which could involve tissue/stage/sub-type specific 

interaction proteins, post-transcriptional modifications and regulatory mechanisms.

6. Regulation of ID4 gene expression

To date no mutations have been reported in the ID4 gene [65]. Thus regulation ID4 

expression appears to be the primary mechanism which determines the function of ID4.
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6.1. Transcriptional regulation

At least two functional elements located downstream of the TATA box have been identified 

in the ID4 promoter. The first, a positive regulatory element contains a consensus E-Box 

that binds the bHLH leucine zipper upstream stimulatory factor (USF). The second, a 

negative regulatory element is a GA motif recognized by Sp1 and Sp3 transcription factors 

[82].

Interestingly, the predicted ER response element [83] could result in the down-regulation of 

ID4 expression in ER positive breast cancer cells treated with estradiol [40]. Increased ID4 

expression in TNBC [84] therefore could in part be due to loss of ER. In sporadic breast 

tumors, ID4 is also inversely correlated with ER mRNA expression [39]. In several tumor 

specimens, ID4 mRNA expression was lowest in samples expressing high levels of ER 

mRNA whereas treatment of ER positive breast cancer cells with estradiol resulted in 

decreased expression of ID4 [85].

Our studies demonstrated that ID4 is regulated by androgens in normal prostate epithelial 

cells and less metastatic prostate cancer cell line LNCaP [52]. Ectopic ID4 expression also 

induced re-expression of androgen receptor and its downstream transcriptional target PSA in 

otherwise androgen receptor negative prostate cancer cell line DU145 [52].

AR-mediated prostate tumorigenesis in mice expressing mutant androgen receptor (E231G) 

demonstrated negligible ID4 expression together with other signature genes to predict 

biochemical relapse in androgen receptor dependent prostate cancer [86]. Taken together, 

these studies suggest that ID4 exists in positive feedback loop with AR but in a negative 

feedback loop with ER. However, evidence that ER or AR binds directly to ID4 promoter is 

lacking.

ID4 is also the downstream target of BMP4 in neural progenitor cells and apparently 

mediates the inhibitory effects on oligodendroglial differentiation [87, 88] whereas ID4 

dependent osteoblast differentiation is independent of BMP4 [24], suggesting cell type 

specific regulation (Table II).

6.2. Regulation of ID4 expression by microRNA

Recent studies have demonstrated that ID4 expression is also regulated by miRNAs. ID4 is 

repressed by miR342 (breast cancer cell line MDA-MB-231 [89], miR335 (breast cancer 

cell line MCF7 [90] and senescence associated (SA) miR485-5p (fibroblast cell lines [91]).

6.3. Epigenetic Regulation

Gene silencing through promoter hypermethylation is the most widely accepted mechanism 

involved in the regulation of ID4 expression. ID4 promoter is CpG rich that spans the 

proximal promoter through entire exon 1, thus making this region highly attractive for 

epigenetic modifications. Several studies have not only extensively characterized the down 

regulation of ID4 expression through promoter hypermethylation in many cancers and cell 

lines, but have also linked ID4 expression to clinico-pathological variables, such as stage, 

tumor grade, age, cancer recurrence and poor prognosis such as in lung, bladder, breast and 

colorectal cancer [56, 57] as discussed above. Demethylation of the breast cancer cell lines 
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(BT20, MCF7 and T47D) by 5-Aza-2′-Deoxycytidine (AZA) and Trichostatin A [56] and 

prostate cancer cell line DU145 by AZA [52] resulted in clear re-expression of ID4 further 

supporting hypermethylation as the primary mechanism involved in ID4 down-regulation in 

cancers.

Studies in colorectal carcinoma demonstrated that ID4 promoter is regulated by Cdc42 [64], 

a small GTPase of the Rho family. High Cdc42 expression in many cancers [92] including 

colorectal carcinoma, may suggest a role of cdc42 in ID4 promoter methylation. How a 

protein involved in promoting cell cycle regulates epigenetic re-programming of the ID4 

promoter remains to be addressed (Table II).

PRMT5, a type II protein arginine methyl-transferase catalyzes mono- and di-methylation of 

arginine residues in histones and results in promoter DNA hypermethylation [93]. PRMT5 

was shown to occupy the CpG rich islands in ID4 promoter resulting in its promoter 

hypermethylation during glial cell and oligodendrocyte differentiation [28]. In cancer cells, 

high PRMT5 expression may tend to support its role in epigenetic silencing of ID4. 

However, in prostate cancer cells PRMT5 expression is primarily cytoplasmic and promotes 

growth. In contrast, PRMT5 is nuclear in benign prostate epithelial cells where it inhibits 

growth [94]. Thus PRMT5 localization (predominantly cytoplasmic) in prostate cancer does 

not correlate with its role in ID4 methylation or association with CpG islands, which one 

would expect to be in the nucleus. The transcription factor YY1 was also shown to inhibit 

ID4 transcription by recruiting histone deacetylase-1 to its promoter [95] suggesting that 

histone acetylation may also play a role in regulating ID4 expression (Table II).

EZH2 (enhancer of Zeste 2), part of the Polycomb repressor complex 2 (PRC2) is involved 

in epigenetic re-programming in both normal and disease states including cancer. EZH2 is 

specifically involved in covalent modification of histone tails, specifically tri-methylation 

(me3) of lysine 27 (K27) on histone 3 (H3) (H3K27me3), a repressive mark found on many 

gene promoters that are silenced [96]. EZH2, as part of the PRC2 complex also recruits 

DNMTs (DNA methyl transferases) that in turn promotes DNA methylation at CpG islands 

(CGI) thus connecting the two key epigenetic repression systems [97]. Increased EZH2 

expression is also observed in many cancers [98] including prostate cancer [99]. We recently 

demonstrated that ID4 is an EZH2 target gene in prostate cancer [100]. Assembly of PRC2 

complex initiated by increased recruitment of EZH2 on ID4 promoter increases the 

repressive H3K27me3 histone modification and recruits DNMT1/3a resulting in ID4 

promoter hyper-methylation in DU145 prostate cancer cell lines and prostate cancer tissue 

(Table II).

Epigenetic inactivation in many but not all cancers suggests that ID4 could be highly 

regulated in a tissue specific manner. A basal transcriptional machinery consisting of a 

subset of bHLH (USF1) transcription factors together with the assembly of tissue specific 

positive (AR, BMP4) or negative (ER) regulatory complexes could determine optimal ID4 

transcription. The binding of Sp1 to GC rich regions, which are targets of hyper-

methylation, could be a rate limiting step in the assembly of such transcription factor 

complexes on ID4 promoter that could eventually determine ID4 transcriptional output.
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Overwhelming evidence now suggests that ID4 is epigenetically silenced in many cancers. 

Hence therapeutic strategies which alter the cancer epigenome via inhibition of DNMT1 

such as by 5-Aza-2′-Deoxycytidine (AZA) [101] are viable strategies. Alternatively, 

mechanisms involved in regulating ID4 levels at the transcriptional level such as those 

involving ER and AR could be exploited to elevate ID4 levels in breast and prostate cancer. 

A study recently demonstrated that treatment cells by arsenic trioxide (ATO) reversed the 

hyper-methylation of ID4 promoter and decreased proliferation of Raji cells [102]. The 

specificity of this treatment on ID4 promoter however remains to be investigated.

7. Mechanism of Action of ID4

All known ID4 interactions are mediated by the HLH domain (Table III). Protein interaction 

studies have demonstrated that ID4 sequesters OLIG1 and OLIG2, members of class B 

bHLH proteins which plays key roles in early oligodendrocyte specification and regulates 

oligodendrocyte differentiation [87, 88]. Interestingly OLIG1 and OLIG2 only interact with 

ID4 and to a lesser extent with ID2 but not with ID1 or ID3. These studies suggest that ID4 

preferentially binds specific bHLH proteins either due to sequence specific domains in ID4 

or in the corresponding interacting proteins [87].

Apart from interacting with OLIG1/2, ID4 also interacts with bHLH proteins HES1 to 

promote osteoblast differentiation [24] and Twist1 in GBM [80] resulting in decreased 

MMP2 mediated invasion of glioblastoma derived cells. (ID4 protein interaction network is 

summarized in Table III).

Functional studies demonstrated that ID4 down-regulates BRCA1 [41, 84, 103] and allows 

for anchorage-independent growth of breast (SKBr3) and ovarian (PA-1) cancer cells [103] 

which are ERa-ve. Interestingly, another study demonstrated that BRCA1 induces the 

expression of ID4 [85].

In ID4-/- mice, a decrease in mammary gland ductal expansion and branching 

morphogenesis was attributed to activation of p38MAPK [22]. Thus ID4 may regulate major 

stress activated pathways through down-regulation of p38MAPK.

A novel but unexpected mechanism of action of Id4 has recently emerged. In a ChIP study, 

ID4 was found to be part of the transcriptional complex that could potentially regulate ERα 

and Foxa1 (Table I). The lack of ID4 DNA binding domain in ID4 suggests that it most 

likely regulates transcription as part of a larger protein complex [35].

As opposed to the protein interaction network of ID1 and ID2, the regulatory network of 

ID4 remains to be fully explored. Given the inverse association between ID1 and ID4 in 

cancer, the ID4 regulatory network is expected to be unique and non-overlapping. The major 

question that needs to be addressed is whether ID4 negatively regulates ID1 dependent 

pathways. If in fact this happens to be case then the HLH independent mechanisms should 

be explored such as contributions of the ID4 non-HLH domains towards selective binding 

with bHLH and non-bHLH proteins. Moreover, the degree of overlapping functions between 

a subset of ID proteins such as ID2 and ID4 which both bind the non-bHLH protein Rb and 

bHLH proteins OLIG1/OLIG2 (with different affinities) needs to be closely examined to 
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evaluate structure/function relationship. Recent data supporting the indirect interaction of 

ID4 with DNA as part of the larger transcriptional complex is also interesting and opens an 

entirely novel dimension to the function of ID4.

8. The role of ID4 in cell cycle and proliferation

Ectopic expression of ID4 blocks cell cycle and inhibits proliferation that is associated with 

increased expression of cyclin dependent kinase inhibitors p21 and p27 in prostate cancer 

cell line DU145 [52]. The ID4 dependent cell cycle arrest appears to be primarily at S-Phase 

in DU145 and PC3 prostate cancer cell lines and not at G1 as would be expected from 

increased p21 and p27 expression [52]. The block in S-phase appears to be due to a decrease 

in the expression of E2F1 that is required for transition through S-phase [104]. Loss of ID4 

also promotes progression into S-phase in neuronal early cortical progenitor cells [26] and 

LNCaP prostate cancer cell lines. Epigenetic knockdown of ID4 through promoter 

hypermethylation in colon carcinoma by Cdc42, a member of Rho GTPases family may be 

required for cell cycle progression [64] (Table II). Nevertheless, these results suggest that 

unlike ID1, ID2 and ID3, the expression of ID4 is not associated with progression of cell 

cycle and points towards the role of ID4 in promoting differentiation in specific cell types 

since both these processes are largely mutually exclusive.

ID4 can also drive the malignant transformation of astrocytes via de-regulation of cell cycle 

and differentiation through the up-regulation of cyclin E and activation of Jagged-Notch1 

signaling but only in primary murine Ink4a/Arf-/- astrocytes [81]. Increased ID4 expression 

[47] and deletion of the INK4a-ARF locus is also found in majority of human malignant 

gliomas [105]. These results suggest that the Ink4a/Arf could be an upstream regulator of 

ID4 in a subset of gliomas. Whether ID4 itself drives the expression of Ink4a/Arf or vice 

versa to block cell cycle could be an interesting avenue to investigate.

9. ID4-P53 Cross talk

The molecular mechanism by which mutant p53 may function has been reviewed 

extensively [106]. These pathways include alterations in the DNA-binding ability of mutant 

p53, interaction of mutant p53 with other proteins, including transcription factors or proteins 

not directly related to the regulation of gene expression. It is clear that the effects of mutant 

p53 are strongly context dependent, and interactions that promote activity in some 

circumstances may be inhibitory in others.

Fontemaggi and colleagues have extensively characterized the molecular interaction 

between ID4 and mutant p53 in promoting neo-angiogenesis in breast cancer [77]. In breast 

cancer cell lines, ID4 is a transcriptional target of gain-of-function p53 mutants R175H and 

R280K in SKBr3 and MDA-MB-231 but not in MCF7 breast cancer cells expressing wild 

type p53. The protein complex involving mutant p53–E2F1-p65 (NF-kB p65 subunit RelA) 

assembles on specific regions of the ID4 promoter and positively controls ID4 expression 

[77]. The study further demonstrated that mutant p53 R273H had the highest regulatory 

control over ID4 expression [77]. ID4 expression was also increased in response to 

Adriamycin and Cisplatin treatments on mutant p53/ID4 expressing cell lines. Studies 

involving the knockdown of mutant p53 abrogated this response, indicating that in response 
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to DNA damage mutant p53 in complex with E2F1 and p300 bind to the CDE element 

closest to the transcriptional start site, on the ID4 promoter, to achieve “mutant p53 

associated” chemo-resistance [107]. Thus direct interaction between mutant p53 and E2F1 

on the ID4 promoter supports the oncogenic functions of mutant p53 in at least breast 

cancer.

Surprisingly, a negative correlation was observed between mutant p53 and ID4 expression in 

meta-analysis of clinical studies [108]. Similarly, in the TCGA dataset (Breast Invasive 

Carcinoma, TCGA Provisional), p53 mutations were observed in 32% of cases (306 cases 

out of 956) whereas ID4 was altered in only 3% of the cases. Interestingly, ID4 expression 

was altered in only 6% of cases in which p53 was mutated. Hence a significant correlation 

was not observed between p53 mutations and ID4 expression (Fig. 5).

ID4 functions as a tumor suppressor in ER+ve breast tumors where it is frequently 

inactivated by promoter hypermethylation; however, ID4 displays oncogenic activity in ER-

ve breast cancer cells SKBr3 and MDA-MB-237 that express mutant p53 [107]. These 

results suggest that ER may have a role in regulating ID4 dependent expression of mutant 

p53. The corresponding estrogen receptor levels in the meta-analyses discussed above were 

not reported but could determine the outcome of the ID4-mutant p53 cross-talk. These 

conflicting results between cell lines and clinical studies suggest that the ID4 regulatory 

mechanism could be controlled by a complex mechanism that still remains to be 

investigated.

Our studies have demonstrated that ID4 promotes transcriptional activity of wild type p53 in 

a CBP/P300 dependent acetylation at K320 and K373 residues [69]. Interestingly, ID4 also 

restores the wild type transcriptional activity of mutant p53 in DU145 cells through a similar 

mechanism as reflected by the activation of p53 dependent processes such as increased 

apoptosis, senescence and attenuation of cell cycle in ID4 over-expressing DU145 cells 

[104] in spite of mutations in Rb and p16 [109, 110]. Moreover, EMSA and ChIP analysis 

demonstrated that ID4 promotes binding of mutant p53 to the consensus wild type p53 DNA 

response element and enrichment to p53 binding sites on p21, BAX and PUMA promoters. 

Co-elution of ID4 as part of the p53-CBP/p300 complex with p53 antibody and co-elution of 

p53 with ID4 antibody suggests that ID4 can recruit CBP/P300 on wt- and mutant p53 to 

promote acetylation [69]. Whether ID4 can also restore the wild type transcriptional activity 

of various p53 hot spot mutants remains to be established.

10. Conclusions

It is evident that ID4 shows divergence from the other ID family members during 

development, differentiation and diseases such as cancer. The mouse knockout models have 

clearly established the essential role of ID4 in development that is not compensated by other 

ID proteins. Overall, the role of ID4 in cancer appears to be that of a tumor suppressor that 

is largely based on its epigenetic silencing in majority of cancers. The expression of ID4 in a 

limited cancer types (GBM) is associated with favorable prognosis further supporting the 

role of ID4 as a putative tumor suppressor. How ID4 acts as a tumor suppressor is an open 

question and should be the major focus of future studies. The other major question that 
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remains to be addressed is the mechanism by which ID4 acts as a tumor promoter in limited 

cancer sub-types such as TNBC, basal cell carcinoma of the breast and ovarian cancer. 

Interaction of ID4 with bHLH proteins such as OLIG and TWIST and cross talk with 

BRCA1, p38MAPK and Notch signaling pathway may provide a significant insight into the 

mechanism of action of ID4 that needs to be further explored. The lack of a DNA binding 

domain and unique sequence of ID4 (Alanine and Proline rich domains that support protein 

interactions) also suggest that ID4 may act as a major hub in protein-protein interaction 

networks, possibly as a putative co-chaperone. These interactions may help unravel the 

complex biology of ID4 in development and cancer. The strong anti-cancer effect of ID4 in 

prostate cancer suggests that mechanisms to up-regulate ID4 expression in cancers is a 

therapeutic strategy and needs to be further explored. Specifically, how ER and AR 

pathways can be used to regulate ID4 expression in hormone related cancers such as breast 

and prostate respectively appears to be an attractive therapeutic approach.
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Abbreviations

ID Inhibitor of DNA Binding

bHLH basic Helix Loop Helix

emc extramacrochaetae

OPC oligodendrocyte progenitors cells

CCL Columnar Cell lesions

DCIS Ductal Carcinoma in situ

ER Estrogen Receptor

TNBC triple negative breast cancer

ALL acute lymphoblastic leukemia

PCa Prostate Cancer
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MDS myelodysplastic syndrome

MGP Matrix GLA protein

GSCs glioma stem cells

USF upstream stimulatory factor

AR androgen receptor

AZA 5-Aza-2′-Deoxycytidine

EZH2 enhancer of Zeste 2

PRC2 Polycomb repressor complex 2

DNMTs DNA methyl transferases

SSCs spermatogonial stem cells

PIN Prostatic Intraepithelial Neoplasia

KO Knock out

ATO arsenic trioxide

TPN tumor-penetrating nano-complex
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Figure 1. 
Protein sequence alignment of the four known human ID proteins (CLUSTAL W). The red 

lines indicate the alanine and proline rich regions at the N- and C-terminal of ID4. The 

conserved Helix-loop-Helix region and the amino acids that are unique to ID4 HLH domain 

is indicated (Asterisk).
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Figure 2. 
Alignment of ID4 protein sequences from various species. The respective ID4 sequences 

were obtained from NCBI and sequences were aligned using MAFFT v7 using default 

parameters. The phylogenetic analysis was also performed within MAFFT using NJ/

UPGMA phylogeny.
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Figure 3. 
ID4 expression in cancers. A: Id4 expression profile in various cancers from Oncomine 

database. The blue and red boxes represent cancers in which ID4 expression is decreased or 

increased respectively as compared to normal counterparts. B: The ID4 expression in 

various cancers from literature mining (see text for references). The green lines points to 

cancers in which ID4 is down-regulated whereas red lines points to cancers where ID4 is up-

regulated.
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Figure 4. 
ID4 expression profile from The Cancer Genome Atlas database. The respective cancers (A; 

Breast Cancer, B: GBM and C: Prostate cancer), the gene expression analysis platform and 

number of samples (N) used for analysis is indicated above each panel. The cluster is 

represented by decreased (green), increased (red) or no change (Black) in ID4 expression. 

The bars towards the right of each cluster represent sample type and sub type. The PAM50 

array represents major molecular subtypes in breast cancer [111]. The Estrogen receptor 

status (ER) is indicated by + (present) and (-) absent. ANP: Adjacent normal Prostate, PCa: 

Prostate Cancer.
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Figure 5. Breast Invasive Carcinoma (TCGA, Provisional)/All Complete Tumors: (956)/User-
defined List/2genes
Relation between p53 mutations and ID4 expression in breast cancer obtained from TCGA 

provisional dataset (cBIO Portal). A total of 956 samples were analyzed of which 306 (32% 

demonstrated p53 mutations (green) and 3% demonstrated ID4 alterations (red bars: up-

regulated, blue bars: down-regulated). Only 20 samples with p53 mutations showed 

alterations in ID4 expression. The figure only shows the samples with p53 mutations and 

ID4 expression. The grey bars represent samples with no change in either p53 (mutations/

expression) or ID4 (expression) (majority of these samples not shown). The expression is 

based on microarray analysis with Z-score of more than 2.0.
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Table I
Downstream targets of ID4

Downstream Targets

Jagged 1

BRCA1

P38 MAPK

Sox2

CDKN1A

p21/p27

GRO-α

IL-8

miRNA-9

ERα

FOXA1
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Table II
Transcription regulation of ID4

Transcriptional Regulation

Epigenetic: Cdc42/PRMT5/YY1/EZH2/DNMT1

Mutant p53

BMP 2/4

USF

Sp1/Sp3

Hormonal: AR/ER
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Table III
ID4 protein Interactions (bHLH proteins are in bold)

Protein Interactions

Olig1/Olig2

wt and mut-p53/E2F1/p65

CBP/p300

Hes1

E2A

MyoD

Twist1
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