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Highly conserved Inhibitors of DNA-Binding (ID1–ID4) genes encode multi-functional proteins whose transcrip-
tional 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 multi-
ple 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, ID2 and ID3. In contrast, the inhibitor of differentiation 4 (ID4) presents a paradigm shift in context of
well-established role of ID1, ID2 and ID3 in development and cancer. Apart from some degree of functional re-
dundancy such as HLH dependent interactions with bHLH protein E2A, many of the functions of ID4 are distinct
from ID1, ID2 and ID3: ID4 proteins a) regulate distinct developmental processes and tissue expression in the
adult, b) promote 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 cur-
rent understanding of ID4 in context of development and cancer.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

ID proteins (ID1, ID2, ID3 and ID4) are dominant negative transcrip-
tional regulators of basic helix–loop–helix (bHLH) transcription factors
that lack the basic DNA-bindingdomain but have intact HLHdomain [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-bHLHproteinswith different affinities [2–4] in complex tran-
scriptional networks. In this review we focus on the current under-
standing 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 ho-
mology 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
ID1 1 MKVASGSTATAAAGPSCALKAGKTASG
ID2 1 MKAFSPVRSVRK---------------
ID3 1 MKALSPVR-------------------
ID4 1 MKAVSPVRPSGR--------KAPSGCG

54 PALLDEQQVNVLLYDMNGCYSRLKELV
33 ---------MSLLYNMNDCYSKLKELV
30 KGPAAEEP-LSLLDDMNHCYSRLRELV
53 AEAAADEPALCLQCDMNDCYSRLRRLV

114 EVG------T----PGGRGLPV--RAP
84 TIV------SLHHQRPGQNQAS--RTP
88 A----PGPPDGPHLPIQTAELAP----

113 ALLRQPPPPAPPHHPAGTCPAAPPRTP

ID1
ID2
ID3
ID4

ID1
ID2
ID3
ID4

* * *Helix 1

Fig. 1. Protein sequence alignment of the four known human ID proteins (CLUSTAL W). The re
conserved helix–loop–helix region and the amino acids that are unique to ID4 HLH domain is
of ID proteins as dominant negative bHLH transcriptional regulators
may be just a fraction of their overall function. The majority of ID sub-
type specific function could involve unknown and perhaps yet unde-
fined 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 4 Mb 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 proteinwithin
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 acid changes respec-
tively (7–24%) as compared to the conserved HLH domain sequence
(41 amino acid stretch) [10]. The subtle changes in the coreHLHdomain
but highly divergent N-terminal (alanine rich) and C-terminal (proline
rich) domains (Fig. 1, indicated by red lines) could result in unique func-
tion of ID4 as opposed to the other ID protein family members. There-
fore, ID4 can be considered as a remote homologue of ID1, ID2 and ID3.

The origins of ID proteins can be traced back to the Drosophila
melanogaster extramacrochaetae (emc) gene (reviewed in [11]). As
orthologs of emc, the four ID proteins are paralogs that appeared
through gene duplication in vertebrates.
AGEV-VRCLSEQ--SVAIS----RCAGGAGARL
------NSLSDH--SLGIS----RSKTPVDDP-
GCYEAVCCLSER------------SLAIARGRG
GGELALRCLAEHGHSLGGSAAAAAAAAAARCKA

PTLPQNRKVSKVEILQHVIDYIRDLQLELNSES
PSIPQNKKVSKMEILQHVIDYILDLQIALDSHP
PGVPRGTQLSQVEILQRVIDYILDLQVVL-AEP
PTIPPNKKVSKVEILQHVIDYILDLQLALETHP

LSTLNGEISALTAEAAC-----VPADDRILCR
LTTLNTDISILSLQASEFPSELMSNDSKALCG
-------------------ELVISNDKRSFCH
LTALNTDPA----------GAVNKQGDSILCR

*Loop Helix 2

d lines indicate the alanine and proline rich regions at the N- and C-terminal of ID4. The
indicated (asterisk).
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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, ID2 and ID3, 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 toward 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 interac-
tions 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
(b10) [15]. In fact, structural studies suggest that none of the N- and
C-terminal fragments of any of the ID proteins adopts a helical confor-
mation, except the N-terminal 27–64 fragment of ID4 [10], a motif
that is dictated by the alanine residues 39–48 (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 andmaintaining the diver-
gent Id4 locus during evolution.
Human 1 M----------KAV----------
Rhesus 1 M----------KAV----------
Mus 1 M----------KAV----------
wolf 1 M----------KAV----------
Opossum 1 M----------KAV----------
Xenopus 1 M----------KAV----------
Finch 1 MDGNVGQNKENKSVGISEQSLQTP
Gallus 1 M----------KAV----------
Tilapia 1 M----------KAV----------
Zebrafish 1 M----------KAS----------
consensus 1 M Kav

Human 33 HSLGGSAAAAAAAAAARCKAAEAA
Rhesus 33 HSLGGSAAAAAAAAAARCKAAEAA
Mus 33 HSLGGSAAAAAAAAAARCKAAEAA
wolf 33 HSLGGS-AAAAAAAAARCKAAEAA
Opossum 32 HSLGGSAAAVAAAAAARCKAAEAA
Xenopus 31 HSLG----------VARFKMEE--
Finch 59 G----------------CKGGPPS
Gallus 37 G----------------CKG----
Tilapia 29 FN------------IARCRMEE--
Zebrafish 29 ----------------RCKMED--
consensus 61 hslggs aa aaaaaarckaaeaa

Human 92 EILQHVIDYILDLQLALETHPALL
Rhesus 92 EILQHVIDYILDLQLALETHPALL
Mus 92 EILQHVIDYILDLQLALETHPALL
wolf 91 EIMQHVIDYILDLQL---------
Opossum 91 EILQHVIDYILDLQLALETHPALL
Xenopus 76 EILQHVIDYILDLQLALDTHPVLL
Finch 103 EILQHVINYILDLQLALETHPALL
Gallus 77 EILQHVIDYILDLQLALETHPALL
Tilapia 72 EILQHVIDYILDLQLALETHPSLH
Zebrafish 68 EILQHVIDYILDLQLALETHPALL
consensus 121 EIlQHVIdYILDLQLalethpall

Human 147 PAG---AVNKQGDSILCR
Rhesus 147 PAG---AVNKQGDSILCR
Mus 147 PAG---AVNKQGDSILCR
wolf 106 -AG---AVNKQGDSILCR
Opossum 148 PAG---AVNKQGDSILCR
Xenopus 116 PAAL--VVNKQGDSILCR
Finch 156 PAG---SVNKPGDSILCR
Gallus 128 PV----------RGWLC-
Tilapia 124 QHQRTSIVKKPEDSILCR
Zebrafish 111 QVRK--------------
consensus 181 pag avnkqgdsilcr

Fig. 2. Alignment of ID4 protein sequences from various species. The respective ID4 sequences w
eters. The phylogenetic analysis was also performed within MAFFT using NJ/UPGMA phylogen
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 complex-
ity proline rich region in ID4 suggests that ID4 like other internally dis-
ordered proteins also lacks a defined 3-D structure at the C-terminal
that favors protein–protein interactions by presenting a larger interac-
tion surface allowingmultiple binding partners [17,19]. Hence structur-
al divergence through acquisition of new functionally relevant domains
in ID4 suggests a potential novel role in development and differentia-
tion 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 ter-
minally differentiate [7].

By in situ hybridization on mouse development post-gastrulation,
ID1, ID2 and ID3 expression is observed in multiple tissues whereas
the expression of ID4 is non-overlapping and restricted to neuronal
---SPVRPSGRKA--PSGC---GGGELALRCLAEHG
---SPVRPSGRKA--PSGC---GGGELALRCLAEHG
---SPVRPSGRKA--PSGC---GGGELALRCLAEHG
---SPVRPSGRKA--PSGC---GGGELALRCLAEHG
---SPVRPSGRKA--PSGC----GGELALRCLAEHS
---SPVRPQSRKAQVPSVC-----GELALHCLSE--
VFKSPVRHPSRKAH--TGVAGGGGGHLALRCLAEHS
---SPVRHPGRRAQ-PAGAGGGGGGHPALRCLAEHS
---TPVRPQDS----SSSG-----SQLSLHYLSKQS
---VPVRPHKL----PSSC-----SQLSLRYLSESS

sPVRpsgrka psgc gggelaLrcLaehs

ADEP-ALCLQCDMNDCYSRLRRLVPTIPPNKKVSKV
ADEP-ALCLQCDMNDCYSRLRRLVPTIPPNKKVSKV
ADEP-ALCLQCDMNDCYSRLRRLVPTIPPNKKVSKV
ADEP-ALCLQCDMNDCYSRLRRLVPTIPPNKKVSKV
AEEP-SLCLQCDMNDCYSRLKKLVPTIPPNKKVSKV
--EE-TLCLQYDMNDCYSRLKRLVPTIPPNKKVSKV
GEEPAALCLQCDMNDCYSRLRKLVPTIPPNKRVSKM
GEEPAALCLQCDMNDCYSRLRRLVPTIPPNKRVSKV
--ED-LFCLQYDMNDCYSRLKRLVPTIPQDKKVSKV
--ED-LFCLQYDMNDCYSRLKRLVPTIPQDKKVSKV
adEp alCLQcDMNDCYSRLrrLVPTIPpnKkVSKv

RQPPPPAPPHH--PAGTCPAAP---PRTPLTALNTD
RQPPPPAPPHH--PAGTCPAAP---PRTPLTALNTD
RQPPPPAPPLH--PAGACPVAP---PRTPLTALNTD
------------------------------------
RQQPPPPPPLHHPSSGSCPAGP---PRTPLTALNTD
RQQP-----------------P---TRTPLTDLNTD
RQQPPPPAL----HPGSCPAGT---PRTPLTALNTD
RQ--PPPAL----HPGGCPAGT---PRTPLTALNTD
KQQPQ--------LTGTCPPRASNPSRTPLTVLNID
KQ--------------TSPPAS---TRTPLTQINTE
rq ppp gtcpaap prtpltalntd

ere obtained fromNCBI and sequenceswere aligned usingMAFFT v7 using default param-
y.
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tissues and in the ventral portion of the epithelium in developing stom-
ach [20]. In adult human tissues, ID4 expression is observed in the brain,
thyroid, testis and pancreas [21]. ID4 is also required for normal mam-
mary [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 (OPCs) 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] sug-
gesting 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 determinewhen oligodendrocyte precursor cells with-
draw 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 specificmanner. 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−/−)mousemodels exist. In
the first ID4−/−model (strain 129X1/Svj,) developed by Mark Israel's
group (ID4tm1Mais in the MGI database [33]), exons 1 and 2 were re-
placed byGFP andneomycin-resistance genes via homologous recombi-
nation in JM-1 ES line [26]. The second ID4−/− model (strain 129P2/
OlaHsd) was developed by Fred Sablitzky's group (ID4tm1Fsky in the
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 mor-
phology) 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 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 re-
quired for neural stem cell proliferation and differentiation [26], lateral
expansion of the proliferative zone in the developing cortex, and hippo-
campus andproliferation 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 elon-
gation and branching morphogenesis [22]. Targeted ID4 deletion im-
pairs ductal expansion and branching morphogenesis as well as cell
proliferation induced by estrogen and/or progesterone. ID4 also main-
tained the survival of normal mammary cells as well as cultured mam-
mary tumor cells [22].

4.1.3. ID4 and spermatogenesis (ID4tm1Mais)
In mice lacking ID4 expression, quantitatively normal spermatogene-

sis was found to be impaired due to progressive loss of the undifferenti-
ated 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 frac-
tions [29].

4.1.4. ID4 and osteoporosis (ID4tm1Fsky)
A drastic reduction in osteoblast differentiation with a correspond-

ing 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 osteo-
blast 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 themale genital tract in general and spe-
cifically 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 ex-
pression, a marker of differentiated luminal epithelial cells [23]. A simi-
lar defect in branching morphogenesis in the developing mammary
gland of ID4−/− [22] therefore appears to be a consistent mechanism.
The presence of PIN lesions, the earliest stage of prostate cancer [23] in
6 week 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 in-
creased, 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 ob-
served 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
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developing tissue specific Id4 knockouts using targeted expression of
Cre recombinase. The cross between MMTV–Cre which directs the ex-
pression primarily to secretory epithelium of virgin and lactating mam-
mary 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
Fig. 3. ID4 expression in cancers. A: ID4 expression profile in various cancers from the Oncomin
or increased respectively as compared to normal counterparts. B: The ID4 expression in various
which ID4 is down-regulated whereas red lines point to cancers where ID4 is up-regulated.
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 re-
mains largely unexplored.

5.1. ID4 as a tumor promoter

The role of ID4 as a tumor promoter is based on the evidence (exper-
imental andmeta-analysis) that increased ID4 expression is observed in
a small subset of cancers (Fig. 3).

5.1.1 . 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 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 cell-like breast
cancer [41], triple negative breast cancer (TNBC) (including 4 T1
e database. The blue and red boxes represent cancers inwhich ID4 expression is decreased
cancers from literaturemining (see text for references). The green lines point to cancers in
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mousemammary cancer cell line [42,43]) but not in non-TNBC. Inmeta-
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 tends to be of higher histological grade than the Luminal
A type [45].

5.1.2 . Other cancers
Increased ID4 expression is observed in primary serous ovarian can-

cer [46]. ID4 is also highly expressed in glioblastoma [47]. In glioblasto-
ma 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 com-
plexed 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
Glioblastoma mu
gene exp
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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-amplifiedwith E2F3 in aggressive bladder can-
cers [48]. On the contrary, genomic loss of ID4 is observed in Hodgkin's
lymphoma [49].

Cytogenetic abnormalities resulting from chromosomal 6 transloca-
tions are also very common in hematologic malignancies. ID4 was
demonstrated in one case of B-cell lineage acute lymphoblastic leuke-
mia (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 se-
quester 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 inmany cancers has prompted investiga-
tors to classify it as a tumor suppressor [40,49,52–57] (Fig. 3). ID4 is epi-
genetically silenced in: leukemia [53], AML [58], CLL [59], ALL [51], glial
neoplasia [60], squamous cell carcinoma [61] , gastric cancer [62], pan-
creatic cancer [63], colorectal [64], lymphoma [65], cholangiocarcinoma
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Table 1
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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[55], esophageal [66] and lung cancers [54]. Meta-analysis in the
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 ex-
pression while high ID4 expression is observed in the normal prostate
tissue [68]. We have shown that ID4 is expressed in the 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 hyperme-
thylation and down-regulation in prostate cancer [71].

Silencing of ID4 in LNCaP prostate cancer cells (LNCaP(−)ID4) re-
sults in a castration resistant phenotype, partly due to gain of de novo
steroidogenesis [72]. The LNCaP(−)ID4 cells also form tumors in cas-
trated mice as compared to LNCaP cells [72] suggesting that ID4 is re-
quired to maintain the tumor suppressive function of AR whereas loss
of ID4 results in tumor promoter activity of AR. These results could ex-
plain 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 associatedwith 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 in-
creases as the disease progresses from ‘chronic phase’ to ‘accelerated
phase’ to ‘blast crises’ [73]. In a separate study ID4 was foundmethylat-
ed in 86% of acute leukemia patients and 100% in leukemia-relapse pa-
tients [75]. ID4 expressionwas reduced by promotermethylation 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 immunosuppressedmice thatwere bet-
ter 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 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 1). Collectively, these studies sug-
gest 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 anti-cancer drugs in glioma stem cells (GSCs) by suppressing
microRNA-9 which in turn led to an increase in the expression of
SOX2 (Table 1). SOX2 is a non bHLH transcription factor known to
play key role in development andmaintenance 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 associa-
tion with various disease modalities even in same cancer types such as
breast and glioblastoma are 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 need to be
revaluated and validated. This is apparent from a prostate cancer
study which demonstrated a positive correlation between ID4 overex-
pression 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 transcription-
al start site) hence comparable and confirm epigenetic inactivation.
Cancer heterogeneity may also contribute equally to inconsistent re-
sults. 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), partic-
ularly in the 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 can-
cer subtypes. A strong relationship between ID4 expression and cancer
subtypes, particularly in GBM and breast is also evident from TCGA
datasets (Fig. 4A andB). 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 dis-
ease 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.

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
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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
treatedwith estradiol [40]. Increased ID4 expression in TNBC [84] there-
fore 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 ex-
pressing 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 nor-
mal prostate epithelial cells and less metastatic prostate cancer cell line
LNCaP [52]. Ectopic ID4 expression also induced re-expression of andro-
gen receptor and its downstream transcriptional target PSA in other-
wise androgen receptor negative prostate cancer cell line DU145 [52].

AR-mediated prostate tumorigenesis in mice expressing mutant
androgen receptor (E231G) demonstrated negligible ID4 expression to-
gether with other signature genes to predict biochemical relapse in an-
drogen 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 dif-
ferentiation [87,88] whereas ID4 dependent osteoblast differentiation
is independent of BMP4 [24], suggesting cell type specific regulation
(Table 2).

6.2. Regulation of ID4 expression by microRNA

Recent studies have demonstrated that ID4 expression is also regu-
lated by miRNAs. ID4 is repressed by miR342 (breast cancer cell line
MDA-MB-231 [89]), miR335 (breast cancer cell line MCF7 [90]) and se-
nescence 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 expres-
sion. ID4 promoter is CpG rich that spans the proximal promoter
through entire exon 1, thus making this region highly attractive for epi-
genetic modifications. Several studies have not only extensively charac-
terized 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. De-
methylation of the breast cancer cell lines (BT20, MCF7 and T47D) by
5-Aza-2′-Deoxycytidine (AZA) andTrichostatin A [56] and prostate can-
cer cell line DU145 by AZA [52] resulted in clear re-expression of ID4
further supporting hypermethylation as the primary mechanism in-
volved 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
Table 2
Transcription regulation of ID4.

Transcriptional regulation
Epigenetic: Cdc42/PRMT5/ YY1/EZH2/ DNMT1
Mutant p53
BMP 2/4
USF
Sp1/Sp3
Hormonal: AR/ER
expression in many cancers [92] including colorectal carcinoma, may
suggest a role of cdc42 in ID4 promoter methylation. How a protein in-
volved in promoting cell cycle regulates epigenetic re-programming of
the ID4 promoter remains to be addressed (Table 2).

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 hyperme-
thylation during glial cell and oligodendrocyte differentiation [28]. In
cancer cells, high PRMT5 expression may tend to support its role in epi-
genetic silencing of ID4. However, in prostate cancer cells PRMT5 ex-
pression 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 YY1was also shown to inhibit ID4 tran-
scription by recruiting histone deacetylase-1 to its promoter [95] sug-
gesting that histone acetylation may also play a role in regulating ID4
expression (Table 2).

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 inmany cancers [98] including prostate cancer [99].We
recently demonstrated that ID4 is an EZH2 target gene in prostate can-
cer [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 tis-
sue (Table 2).

Epigenetic inactivation in many but not all cancers suggests that ID4
could be highly regulated in a tissue specific manner. A basal transcrip-
tional 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 tar-
gets of hypermethylation, could be a rate limiting step in the assembly
of such transcription factor complexes on ID4promoter that could even-
tually determine ID4 transcriptional output.

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, mecha-
nisms 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 hypermethy-
lation 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 3). Protein interaction studies have demonstrated that ID4 se-
questers OLIG1 and OLIG2, members of class B bHLH proteins which
play key roles in early oligodendrocyte specification and regulate oligo-
dendrocyte 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



Table 3
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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proteins either due to sequence specific domains in ID4 or in the corre-
sponding 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 decreasedMMP2mediated invasion of glioblasto-
ma derived cells. (ID4 protein interaction network is summarized in
Table 3).

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 ERα −ve.
Interestingly, another study demonstrated that BRCA1 induces the ex-
pression 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, ID4was found to be part of the transcriptional
complex that could potentially regulate ERα and Foxa1 (Table 1). The
lack of ID4 DNA-binding domain in ID4 suggests that it most likely reg-
ulates 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 in-
verse association between ID1 and ID4 in cancer, the ID4 regulatory net-
work is expected to be unique andnon-overlapping. Themajor question
that needs to be addressed is whether ID4 negatively regulates ID1 de-
pendent pathways. If in fact this happens to be case then the HLH inde-
pendent mechanisms should be explored such as contributions of the
ID4 non-HLH domains toward 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 affin-
ities) needs to be closely examined to evaluate structure/function rela-
tionship. 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
the S-phase appears to be due to a decrease in the expression of E2F1
that is required for transition through the S-phase [104]. Loss of ID4
also promotes progression into the S-phase in neuronal early cortical
progenitor cells [26] and LNCaP prostate cancer cell lines. Epigenetic
knockdown of ID4 through promoter hypermethylation in colon carci-
noma by Cdc42, a member of Rho GTPases family may be required for
cell cycle progression [64] (Table 2). Nevertheless, these results suggest
that unlike ID1, ID2 and ID3, the expression of ID4 is not associatedwith
progression of cell cycle and points toward the role of ID4 in promoting
differentiation in specific cell types since both these processes are large-
ly mutually exclusive.

ID4 can also drive themalignant 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 in-
creased in response to Adriamycin and Cisplatin treatments on mutant
p53/ID4 expressing cell lines. Studies involving the knockdown of mu-
tant p53 abrogated this response, indicating that in response 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 sup-
ports 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 ID4was altered in only 3% of the cases. Interesting-
ly, ID4 expression was altered in only 6% of cases in which p53 was mu-
tated. 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 ERα −ve breast cancer cells SKBr3
andMDA-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 be-
tween cell lines and clinical studies suggest that the ID4 regulatory
mechanism could be controlled by a complex mechanism that still re-
mains 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
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Breast Invasive Carcinoma (TCGA, Provisional)/All Complete Tumors: (956)/User-defined List/2genes

Fig. 5. Relation between p53mutations and ID4 expression in breast cancer obtained from TCGA provisional dataset (cBIO Portal). A total of 956 sampleswere analyzed of which 306 (32%
demonstrated p53mutations (green) and 3% demonstrated ID4 alterations (red bars: up-regulated, blue bars: down-regulated)). Only 20 sampleswith p53mutations showed alterations
in ID4 expression. Thefigure only shows the sampleswith p53mutations and ID4 expression. The grey bars represent sampleswith 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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in ID4 over-expressing DU145 cells [104] in spite ofmutations 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 anti-
body 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 can-
cer. The mouse knockout models have clearly established the essential
role of ID4 in development that is not compensated by other IDproteins.
Overall, the role of ID4 in cancer appears to be that of a tumor suppres-
sor that is largely based on its epigenetic silencing inmajority of cancers.
The expression of ID4 in 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 ques-
tion and should be the major focus of future studies. The other major
question that 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 signifi-
cant insight into themechanismof 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 interac-
tions) also suggest that ID4 may act as a major hub in protein–protein
interaction networks, possibly as a putative co-chaperone. These inter-
actions may help unravel the complex biology of ID4 in development
and cancer. The strong anti-cancer effect of ID4 in prostate cancer sug-
gests 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 hor-
mone related cancers such as breast and prostate respectively appears
to be an attractive therapeutic approach.
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