
In his efforts in 1890 to define the morphology of 
tumour cells, David Paul von Hansemann introduced 
the word ‘anaplasia’ to designate the process of dedif-
ferentiation: “I have called many cells, perhaps all major 
cells of epithelial cancer, ‘anaplastic’, that is, they have 
passed from a higher state of differentiation to a lesser 
one. The question now is: is one justified, as happens on 
many sides, in calling these cells embryonal?” (REF. 1). In 
this work he identified what we define today as one of 
the ‘hallmarks of cancer’ (REFS 2,3). More than a century 
later, despite the wealth of knowledge on stem cell iden-
tity and the increasing understanding of cancer stem-
like cells, we only have a weak grasp of the relationship 
between normal stem and progenitor cells — which are 
capable of terminal differentiation — and cancer stem 
cells that maintain self-renewal but have terminal dif-
ferentiation that is markedly impaired in unperturbed 
conditions4–6. Nevertheless, some of the molecular cir-
cuits that preserve stem cells in the undifferentiated state 
have been identified, and we understand that the state of 
anaplasia in cancer stem cells requires some of those 
same circuits7–11. The inhibitor of DNA binding (ID) 
proteins probably bridge the properties of normal and 
cancer stem cells better than any other family of proteins.

In this Review, we summarize the most recent and 
somewhat tumultuous developments regarding the ID 
family in cancer. We briefly present knowledge of the cell-
ular functions of ID proteins and their effectors. Then we 
review data that show the contribution of ID proteins to 
tumorigenesis, tumour progression and cancer hallmarks. 
In addition, we discuss the potential for ID proteins as 
prognostic markers and drug targets in cancer.

The ID family
Since the cloning of the first ID gene, the mouse Id1 
gene in 1990, ID proteins have been recognized as 
functional inhibitors of the basic helix–loop–helix (bHLH) 
transcription factors12,13. Genes that encode ID proteins  
have been isolated from several metazoan species but have 
been mostly studied in Drosophila melanogaster — 
in which a single ID-like locus, extra macrochaetae 
(emc), encodes an ID-like protein14,15 — and in mice 
and humans, which possess four ID family members 
(ID1–4)12,16–19. More than two decades of research has 
established that inhibition of differentiation is the bio-
logical function that is shared by all four members of 
the ID family (FIG. 1) and that this function is associ-
ated with the ability of ID proteins to increase cell pro-
liferation and preserve multipotency13,20. The crucial 
biochemical attribute of each of the four members of 
the ID family is their binding to the bHLH transcrip-
tion factors and their inhibition of DNA binding 
by these factors, which are a family of proteins that 
control cell fate determination, differentiation and 
cell proliferation20. Tissue-specific and ubiquitously 
expressed (E protein) bHLH proteins form hetero-
dimers through the HLH dimerization region. In 
the presence of high levels of ID proteins, ID–bHLH 
rather than bHLH–bHLH association prevails and, 
because the ID proteins do not contain a basic region, 
the ID–bHLH heterodimer is unable to bind to DNA 
and bHLH-directed transcription is blocked21 (FIG. 1a). 
bHLH-mediated transcription generally activates dif-
ferentiation programmes that are coordinated with cell 
cycle arrest (FIG. 1b). However, at specific developmental 

1Institute for Cancer Genetics, 
Department of Pathology and 
Pediatrics, Columbia 
University Medical Center, 
1130 St. Nicholas Avenue, New 
York, 10032 New York, USA.
2Cancer Biology and Genetics 
Program, Memorial Sloan-
Kettering Cancer Center, 1275 
York Avenue, Box 241, New 
York, 10065 New York, USA.
3Institute for Cancer Genetics, 
Department of Pathology and 
Neurology, Columbia 
University Medical Center, 
1130 St. Nicholas Avenue, New 
York, 10032 New York, USA.
Correspondence to A.I. 
e-mail: ai2102@columbia.edu
doi:10.1038/nrc3638
Published online  
20 January 2014
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bind to specific DNA 
sequences via the stretch of 
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Abstract | Inhibitor of DNA binding (ID) proteins are transcriptional regulators that control 
the timing of cell fate determination and differentiation in stem and progenitor cells during 
normal development and adult life. ID genes are frequently deregulated in many types of 
human neoplasms, and they endow cancer cells with biological features that are hijacked 
from normal stem cells. The ability of ID proteins to function as central ‘hubs’ for the 
coordination of multiple cancer hallmarks has established these transcriptional regulators  
as therapeutic targets and biomarkers in specific types of human tumours.
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stages or in distinct cell types (such as B lymphoid cells) 
bHLH-mediated transcription promotes cell prolifera-
tion and survival, and ID-mediated inhibition of bHLH 
attenuates these processes22,23. These dual and oppos-
ing functions of bHLH and ID proteins determine their 
potential role as tumour suppressors or oncogenes.

Studies have shown that, besides bHLH, ID proteins 
exert inhibitory activity towards other transcription 
factors, which belong to the ETS and paired box (PAX) 
families24–27. The negative regulation of ETS transcrip-
tion factors by IDs has been linked to the inhibition of 
ETS-mediated induction of INK4A (also known as p16), 
and this inhibition blocks replicative senescence24,26,27.  
ID proteins also inhibit members of the subfamily of 
paired-domain transcription factors that comprises 
PAX2, PAX5 and PAX8 (REF. 26). Members of this sub-
family have key functions during the regulation of 
several developmental processes, including B lympho-
poiesis, and they can promote or inhibit oncogenesis in 
different cellular contexts28.

The ID family member ID2 (and possibly ID4) 
interacts with RB, which is a tumour-suppressor pro-
tein29–33. When ID2 is in stoichiometric excess over 
active RB — as in cells with genetic inactivation of Rb1 
or in tumour cells with oncogene-mediated accumula-
tion of ID2 — it overrides the tumour-suppressor activ-
ity of RB. However, during normal development RB is 
essential to restrain ID2, as highlighted by the evidence 
that ID2 contributes to both the developmental defects 
and the tumorigenic phenotype that are caused by RB 
deficiency29,31–33 (FIG. 1b). A similar genetic interaction 
has recently been described in D. melanogaster between 
emc and RB-family protein 1 (Rbf1), which encodes 
one of the two RB proteins34. Although we still lack a 
comprehensive picture of the downstream molecular 
events that are controlled by the reciprocal regulation of 
RB and ID2, they are likely to involve the regulation  
of bHLH and ETS target genes30,35. Conversely, it is 
unlikely that ID2 affects the activity of E2F transcription 
factors, given that genetic loss of ID2 does not rescue 
the derepression of E2F target genes in Rb1-null cells  
(A.L. and A.I., unpublished observations).

An important contribution to the understanding of 
ID protein functions was provided by mouse models  
of Id gene deletion, especially compound knockout mod-
els, which showed the redundant function of ID proteins 
both during development and tumour genesis (TABLE 1). 
Although the investigation of ID protein activity in 
developmental processes remains an important focus  
in the field, in the past few years there has been increasing 
interest in the function of ID proteins in cancer biology 
and particularly cancer stem cell biology. This is not unex-
pected given the established role of ID proteins in enforc-
ing the undifferentiated state and the unrelenting cell 
cycling characteristics of embryonic and somatic stem 
cells36–42. Indeed, some of the most exciting but only par-
tially addressed questions in the field include which stem 
cell properties, cancer stem cell properties and targets are 
controlled by ID proteins to affect stem cell functions.

Multimodal activation of ID proteins in cancer
ID protein expression is high in stem and progenitor 
cells, is typically downregulated during differentiation 
and is re-activated in cancer cells. There are exceptions 
to this general paradigm, with the remarkable examples 
of loss-of-function alterations of ID genes that were 
recently reported by genomic analyses of human cancer 
samples43–45. It is well established that in different cellular 
contexts ID proteins or distinct ID family members can 
exert divergent functions and can act as oncoproteins 
or tumour suppressors. Nonetheless, high expression 
levels of ID proteins are evident in most tumour types 
(TABLE 2). The biological relevance of the expression data 
is substantiated by the evidence that ID proteins are 
implicated not only in maintaining cancer stem cells and 
tumour anaplasia but also in many of the cancer-related 
phenotypes (TABLE 3). Consequently, several studies have 
experimentally addressed the idea that ID proteins are 
plausible prognostic markers and therapeutic targets in 
cancer because specific subsets of human tumours can 
become addicted to high levels of expression — and  
consequently high activity — of one or more ID proteins.

ID genes as targets of upstream oncogenic events. Long 
before genetic alterations were discovered, ID genes 
could be operationally defined as ‘cancer genes’ because 
of the connections between their aberrant expression 
and several cancer phenotypes. The aberrantly high 
levels of expression of ID proteins in cancer are often 
a consequence of transcriptional induction by onco-
proteins such as MYC, RAS, SRC, Notch, Ewing’s sar-
coma (EWS)–Friend leukaemia integration 1 (FLI1) 
and receptor tyrosine kinases46–52, and by growth factor-
directed signals such as epidermal growth factor (EGF), 
basic fibroblast growth factor (bFGF), transforming 
growth factor-β (TGFβ) and bone morphogenetic pro-
teins (BMPs)32,42,53–55, which are activated in a constitu-
tive manner in cancer cells and promote processes such 
as cell proliferation, invasion, angiogenesis and metas-
tasis (FIG. 2). Concordantly, transcriptional regulators 
that have tumour-suppressor functions (for example, 
forkhead box protein O3 (FOXO3) and p53) repress ID 
gene expression53,54.

Key points

•	Inhibitor	of	DNA	binding	(ID)	proteins	are	a	family	of	highly	conserved	transcriptional	
regulators	that	are	pivotal	both	during	developmental	processes	and	in	adult	tissue	
homeostasis.	ID	proteins	function	by	inhibiting	basic	helix–loop–helix,	ETS	and	paired	
box	(PAX)	transcription	factors	and	non-transcription	factors	of	the	RB family.

•	The	major	biological	effect	of	ID	protein	activity	is	the	inhibition	of	differentiation	and	
maintenance	of	self-renewal	and	multipotency	in	stem	cells,	and	this	is	coordinated	
with	continuous	cell	cycling.

•	ID	proteins	are	essential	components	of	oncogenic	pathways	and	are	activated	
transcriptionally	and	post-transcriptionally	by	oncogenic	factors.	ID	proteins	are	
repressed	by	tumour	suppressors	although	they	have	also	been	shown	to	function	as	
tumour	suppressors	in	specific	tumour types.

•	ID	proteins	are	overexpressed	in	many	human	cancers	and	deregulation	of	ID	proteins	
has	a	direct	role	in	cancer	initiation,	maintenance,	progression	and	drug	resistance.

•	The	expression	of	ID	proteins	has	a	prognostic	value	in	many	human	cancers	and	
interfering	with	ID	activity	in	tumours	that	have	ID	protein	activation	might	provide	
new	avenues	for	cancer	treatment.
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Epithelial-to-mesenchymal 
transition
(EMT). A functional transition in 
which epithelial cells lose their 
cell polarity and cell–cell 
adhesion and assume a 
mesenchymal cell phenotype, 
which includes migratory and 
invasive properties.

Triple-negative breast 
cancer
(TNBC). A highly aggressive 
subtype of breast cancer that 
is defined by the absence of 
oestrogen receptor, 
progesterone receptor and 
ERBB2 gene amplification.

Burkitt’s lymphoma
An aggressive neoplasm that is 
derived from mature B cells 
and is cytogenetically 
characterized by the t(8;14) 
translocation that deregulates 
MYC.

In many instances, the mechanisms of ID gene acti-
vation are unclear; for example, ID2 deregulation in 
anaplastic large cell lymphoma seems to be required for 
nearby chromatin sites to undergo translocation55. It is 
not unusual for multiple genetic and epigenetic events 
and signalling pathways to cooperate to establish the 
aberrant levels of ID proteins that underpin cell prolif-
eration and survival, and that are required for tumour 
maintenance. In non-small-cell lung cancer (NSCLC) 
ID1 is induced by both epidermal growth factor recep-
tor (EGFR) and α7-nicotine-acetylcholine receptor 
(α7-nAChR; also known as CHRNA7) signalling56,57, 
which are two well-established mechanisms that drive the 
growth and progression of this tumour type58. EGFR and 
α7-nAChR signalling converge on SRC, which induces 
the transcriptional activation of ID1 through the BMP 
signalling pathway and MYC. By increasing ID1 levels, 
these oncogenic networks promote NSCLC cell prolifer-
ation, epithelial-to-mesenchymal transition (EMT; a process 
that renders tumour cells more invasive and aggres-
sive), metastasis and chemoresistance in vitro and in 
xenograft models59. Similar effects have been reported 
in pancreatic adenocarcinoma, whereby the nicotine–
α7-nAChR–SRC pathway converges on ID1 to promote 
metastasis and chemoresistance in vivo60. Accordingly, 
both in NSCLC and in pancreatic cancer, high levels of 
ID1 expression are associated with tumour subgroups 
that are characterized by the highest histological grades 
and the poorest clinical outcome.

ID regulation by microRNAs. Recent research has shown 
that ID mRNA levels are regulated by micro RNAs 
(miRNAs). In NSCLC, miR-381 and miR-29b bind to 
the ID1 3′ untranslated region (UTR) and repress ID1 
translation, thereby countering the increase of ID1 levels 

by SRC61,62. Low levels of miR-381 and miR-29b cor-
relate with high levels of ID1 and reduced survival in 
patients with lung adenocarcinoma, and this supports 
the hypothesis that these microRNAs can function as 
tumour suppressors by opposing ID1 accumulation.  
A similar mechanism has been reported in neuro-
blastoma, in which the accumulation of ID2 is driven 
by MYCN and countered by miR-9 and miR-103 dur-
ing retinoic acid-induced differentiation in vitro63.  
A regulatory interplay between miR-335 and ID4 has 
been described in breast cancer cells in which loss of 
miR-335 sustains the expression of ID4 (REF. 64). It was 
reported that ID4 is involved in the transcriptional 
repression of the tumour suppressor BRCA1 and in 
turn BRCA1 represses ID4 transcription as part of an 
oestrogen-dependent regulatory loop that balances  
the expression of these two genes65–67. Furthermore, higher 
expression levels of ID4 were detected in triple-negative 
breast cancer (TNBC) — a subtype that is associated with 
loss of BRCA1, highly aggressive clinical behaviour and a 
stem cell-like gene expression signature — than in non-
TNBC68,69. It has been reported that ID4 sustains breast 
cancer stem cell properties70, so the accumulation of ID4 
in TNBC might contribute to both disabling BRCA1  
transcription and driving the stemness phenotype.

Genetic alterations of ID genes in human cancer. The lack 
of identification of genetic lesions in ID genes during the 
pre-genomic era left the question of whether ID genes 
are oncogenes unanswered. Convincing evidence for 
recurrent gain-of-function genetic events that target ID 
genes is still not evident, despite recent high-throughput 
genomic analyses of multiple tumour types. An excep-
tion is the finding that ID4 is amplified in approximately 
30% of high-grade serous ovarian cancers71.

Paradoxically, three recent massively parallel 
sequencing studies43–45 of Burkitt’s lymphoma72 provided 
convincing support for the idea that in some contexts 
ID genes function as tumour-suppressor genes. Of 
the Burkitt’s lymphoma samples studied, 34%–68% 
had inactivating biallelic mutations of ID3 that cause 
the reduction of both the stability of the ID3 protein 
and its binding affinity for the bHLH transcription 
factors  E12 and E47; encoded by TCF3 (also known 
E2A). Interestingly, 11% of Burkitt’s lymphoma sam-
ples had mutations in TCF3 only at conserved residues 
in the bHLH region, and 13% had mutations in both 
TCF3 and ID3. TCF3-mutant proteins retain their 
DNA-binding and transcriptional activity but show 
significant loss of binding affinity for ID3. However, 
co-occurrence of ID3 and TCF3 mutations suggests 
that mutant TCF3 might also acquire an aberrant tran-
scriptional function or that it is required for halting the 
inhibitory activity of the other ID proteins. In B cells, 
TCF3 modulates essential genes for germinal centre 
function and B cell survival, including genes encoding 
the B cell receptor, and TCF3 upregulates ID3 and, to 
a lesser extent, ID1 and ID2; this creates an inhibitory 
loop that would restrain TCF3 activity in normal cells. 
Thus, constitutive activation of the TCF3 transcrip-
tional programme caused by gain-of-function TCF3 

Figure 1 | ID proteins: proliferation and inhibition of differentiation. a | High levels 
of inhibitor of DNA binding (ID) proteins are present in stem and progenitor cells, where 
they sequester ubiquitously expressed basic helix–loop–helix (bHLH) transcription 
factors (also known as E proteins) and ETS transcription factors and thereby inhibit the 
transcription of lineage-specific and cell cycle-inhibitory genes12,18–20,25,27. ID2 has been 
shown to interact with the tumour-suppressor protein RB, but hyperphosphorylated, 
inactive RB is incapable of binding to ID2 (REFS 29–32). b | With the downregulation of ID 
proteins (indicated by the smaller size of the ID shape), E proteins and tissue-specific 
bHLH (TS bHLH) transcription factors heterodimerize and bind to E-box sites in the 
promoters of target genes. ETS transcription factors are also released from the inhibitory 
activity of ID proteins and activate transcription. Low levels of ID2 are controlled by 
active hypophosphorylated RB. The transcription of lineage-specific genes and cell 
cycle-inhibitory genes is activated with a resulting loss of stem cell properties and 
acquisition of differentiated features and cell cycle arrest38,104. P, phosphate.
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mutations or loss-of-function ID3 mutations endows 
Burkitt’s lymphoma cells with a ligand-independent, 
‘tonic’ form of BCR signalling that activates the PI3K 
pathway, which is essential for Burkitt’s lymphoma cell 
survival. Therefore, the particular tumour-suppressor 
role of ID3 in B cells is linked to the essential and 
unique function of TCF3 in B  cell development  
and survival, which explains the oncogenic role of 
deregulated TCF3 activity in B cells. However, muta-
tions of ID3 are absent in diffuse large B cell lymphoma 
(DLBCL), suggesting that Burkitt’s lymphoma and 
DLBCL might originate from different cell types of 
the lymphoid germinal centre with different require-
ments for the TCF3–ID3 pathway43–45. The finding that 
Burkitt’s lymphoma harbours inactivating mutations of 
ID3 and gain-of-function mutations of TCF3 stands in 
contrast to the observation that E proteins, which are 
the primary targets of ID proteins, usually function as 
tumour suppressors. Indeed, mice in which E protein-
encoding genes are knocked out are prone to develop 
tumours73–77. In addition, the expression of E proteins 
in several types of tumour cells results in the activation 
of genes that promote differentiation and inhibit pro-
gression of the cell cycle35,78–84. Another suggestion for 
a tumour-suppressor role of an ID gene comes from the 
finding that the ID4 promoter is hypermethylated and 

silenced in certain types of leukaemia85,86. Although the 
mutations of ID3 provide an unquestionable example of 
loss-of-function events that show a tumour-suppressor 
function of ID genes, there is overwhelming support 
for the idea that activation — and not inactivation — 
of ID genes is predominantly selected for in the vast 
majority of cancer cell types13.

Deregulation of ID protein stability. Perturbation of 
the ubiquitin–proteasome pathway has been linked 
to the accumulation of ID proteins in cancer. ID pro-
teins are short-lived proteins (normally lasting for 
10–20 minutes), and they are targeted for degradation 
by the ubiquitin–proteasome pathway87,88. Proteasome-
mediated degradation of proteins is regulated by E3 
ubiquitin ligases that link a ubiquitin chain to target 
substrates, which leads to substrate degradation89. 
Ubiquitin ligase activity is opposed by deubiquitylases 
(DUBs), which increase substrate stability by remov-
ing ubiquitin moieties90. Both E3 ligases and DUBs 
regulate ID protein accumulation (FIG. 3). ID1, ID2 
and ID4 are substrates of the anaphase-promoting 
complex/cyclosome (APC/C)–CDH1 (also known 
as FZR1) E3 ubiquitin ligase owing to the presence 
of a canonical CDH1-recognition domain (D-box) 
in the carboxy-terminal region of these proteins91.  

Table 1 | Developmental and cancer phenotypes of ID-knockout mice

Mouse model Developmental phenotype Cancer phenotype Refs

Id1−/− No major abnormalities Impaired cancer stem cell properties in 
orthotopic malignant glioma

201

Id2−/− Perinatal lethality; reduced body size; 
absence of lymph nodes and Peyer’s 
patches; absence of natural killer cells; 
loss of Langerhans cells; defective 
lactation; and defective specification of 
dopaminergic neurons

Spontaneous intestinal adenoma 202–205

Id2−/−;Rb1+/− None Reduced pituitary tumour formation, reduced 
pituitary tumour cell proliferation and  
reduced angiogenesis in the pituitary tumour

33

Id3−/− Defects in humoral immunity and T cell 
development

•	Impaired cancer stem cell properties in 
orthotopic malignant glioma

•	Spontaneous T cell lymphoma

206,207

Id1−/−;Id3−/−and 
Id1−/−;Id2−/−;Id3−/−

Lethal embryonic day 13.5; vascular 
defects in forebrain; premature neuronal 
differentiation; and cardiac defects

Not applicable 104,208

Id1 and Id3 loss 
of single or 
multiple allele 
combinations

None Loss of vascular integrity and reduced growth 
of genetic models of breast cancer (MMTV–
NeuYD and MMTV–Wnt1) and human tumour 
cell xenografts

116,118, 
123

Id4−/− Perinatal lethality; reduced body size; 
neural progenitor defects; and defective 
differentiation of oligodendrocyte 
lineage

Not applicable 176,178

Id1L/L;Id2L/L;Id3−/− 
and nestin–Cre

Neonatal lethality; and defects in 
self-renewal and proliferation of neural 
stem and progenitor cells

Not applicable 38

Id1L/L;Id2L/L;Id3−/− Not applicable Reduced tumour growth and loss of cancer 
stem cell properties in an orthotopic 
malignant glioma model*

82

ER, oestrogen receptor; Id, inhibitor of DNA binding; MMTV, mouse mammary tumour virus; shp53, short hairpin RNAs targeting 
Trp53. *HrasV12;CreER;shp53 lentiviral particles were injected in the hippocampi of 4-week-old Id1L/L;Id2L/L;Id3−/− mice.
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It is unknown whether distinct phosphorylation events 
are required for the recognition and degradation of ID 
proteins by APC/C–CDH1. This protein ligase has 
a key role in regulating entry into G1 phase and the 
quiescent G0 phase, and it has been implicated in cell 
cycle-independent functions92. Although expression 
of ID proteins seems to be regulated during the cell 
cycle91,93, APC/C–CDH1 induces degradation of ID1, 
ID2 and ID4 specifically during the withdrawal from 
the cell cycle of neurons that are undergoing terminal 
differentiation and axonal growth91. Another E3 ubiq-
uitin ligase, SMAD ubiquitylation regulatory factor 2 
(SMURF2), which is involved in TGFβ signalling, 

targets ID1 and ID3 for degradation during cellular 
senescence94. Concordantly, studies in mice and in 
human cancer indicate that both APC/C–CDH1 and 
SMURF2 have tumour-suppressor functions95,96. An 
important question is whether alterations in the deg-
radation machineries for ID proteins have any role in 
ID-mediated tumorigenesis. Genetic alterations in the 
ubiquitin ligase recognition domain of ID proteins 
have not been described for human tumours. However, 
mechanisms that lead to aberrant stabilization and 
accumulation of ID proteins might come from intrin-
sic alterations of the APC/C97. Given the considerable 
functions of APC/C–CDH1 and SMURF2 substrates 

Table 2 | ID protein expression in common cancer types

Cancer type ID protein Expression Phenotype Prognosis Refs

Bladder ID1 Increased Invasion Poor 209

Breast ID1 Increased Invasion and angiogenesis Poor 122–124

ID2 Reduced Differentiation and reduced invasion Good 210

ID4 Reduced Lymph node metastasis Poor 211

Brain ID1 Increased Proneural Good 113

ID2 Increased Mesenchymal Poor 82

ID3 Increased Mesenchymal Poor 82

ID4 Increased Proliferation, anaplasia and associated with 
high-grade cancer

Poor 212

Colon and rectal ID1 Increased Hyperproliferation and CSC Poor 83,213

ID2 Increased Hyperproliferation Poor 213

ID3 Increased CSC Poor 83

ID4 Reduced Dedifferentiation Poor 214

Oesophageal ID1 Increased Associated with metastasis Poor 215

Gastric ID1 Increased Loss of differentiation Poor 216

ID3 Increased Loss of differentiation Poor 216

Kidney ID1 Increased Lower CR rate Poor 217

Head and neck ID1 Increased Tumour angiogenesis Poor 218

Leukaemia ID1 Increased Myeloid leukaemia Poor 219

ID4 Increased Myelodisplastic syndrome Leukaemic transformation 220

Hodgkin’s lymphoma ID2 Increased Loss of B cell properties Not applicable 221

Non-Hodgkin’s lymphoma ID3 Mutated Loss of B cell differentiation Not applicable 43–45

Pancreatic ID1 Increased Hyperproliferation and tumour angiogenesis Poor 222,223

ID2 Increased Hyperproliferation Poor 223,224

ID3 Increased Hyperproliferation and metastasis Not applicable 225

Prostatic ID1 Increased Tumour progression Poor 155,226

ID3 Increased Tumour progression Poor 155

ID2 Increased Tumour progression Poor 226

ID4 Increased Associated with metastasis Poor 227

Thyroid ID1 Increased Tumour growth Not applicable 228

Ovarian ID4 Increased Tumour growth Not applicable 71

ID1 Increased Tumour angiogenesis and anaplasia Poor 229

Nasopharyngeal carcinoma ID1 Increased Invasion Poor 218

Liver ID1 Increased Associated with progression Poor 230,231

CR, complete response; CSC, cancer stem cell; ID, inhibitor of DNA binding.
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in cancer95,96, it is unlikely that ID proteins are the sole 
effectors of oncogenesis when the enzymatic activity of 
these ubiquitin ligases is compromised. Understanding 
the relative contribution of ID proteins and other sub-
strates to tumour development and cancer hallmarks in 
the context of APC/C–CDH1 and SMURF2 alterations 
would help to design multimodal cancer therapies.

Another mechanism of ID protein stabilization 
involves the alteration of ubiquitin-specific protease 1 
(USP1). USP1 is the specific DUB for ID1, ID2 and 
ID3 in osteosarcoma cells and mesenchymal stem cells 
(MSCs). Overexpression of USP1 in osteosarcoma 
samples and cell lines sustains the accumulation of ID 
proteins, which are essential for growth and retention 

Table 3 | ID-dependent targets that are implicated in cancer initiation and progression

Biological process Target Expression in tumours Refs

Angiogenesis α6β4 integrin Upregulated 104,119

FGFR1 Upregulated 119

EPHA1 and EPHA2 Upregulated 104,119

MMP2 Upregulated 119

IGF2 Upregulated 119

VEGFA Upregulated 33

HIF1α Upregulated 33

IL-6 and IL-8 Upregulated 120,121

GROα Upregulated 120

Apoptosis CDKN1A Downregulated 159

CDKN1B Downregulated 155

BAX Downregulated 150,157

BCL-2 Upregulated 157

BCL-X
L

Upregulated 150

BIM Downregulated 158

Cell cycle regulation and proliferation CDKN1A Downregulated 154,159

CDKN1B Downregulated 153

CDKN1C Downregulated 35,38

CDKN2A Downregulated 25

Cyclin D1 Upregulated 33,232

Cyclin E Upregulated 48

Cell migration and invasion MMP2 Upregulated 104

MMP9 Upregulated 233

SEMA3F Downregulated 128

Epithelial-to-mesenchymal transition N-cadherin Upregulated 138–140

Signalling PI3K and AKT Upregulated 150,155,157

Stem cell renewal NANOG Upregulated 39

Brachyury Downregulated 39

HES1 Upregulated 234

RAP1GAP Downregulated 38,82

CDKN1A Downregulated 83

CDKN1C Downregulated 38

Cyclin E Upregulated 48

Notch Upregulated 48

SOX2 Upregulated 48,105

SOX4 Upregulated 105

LIF Upregulated 42

CDKN, cyclin-dependent kinase inhibitor; EPHA, ephrin type-A receptor; FGFR1, fibroblast growth factor receptor 1; GROα, 
growth-regulated-α; HES1, hairy and enhancer of split 1; HIF1α, hypoxia-inducible factor 1α; IGF2, insulin-like growth factor 2;  
IL, interleukin; LIF, leukaemia inhibitory factor; MMP, matrix metalloproteinase; RAP1GAP, RAS-related protein 1 (RAP1) 
GTPase-activating protein; SEMA3F, semaphorin 3F; SOX, SRY-box; VEGFA, vascular endothelial growth factor A.
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of the stem cell-like properties in osteosarcoma41. These 
findings strengthen the case for the control of ID pro-
tein degradation as a mechanism of tumour suppres-
sion and strongly support the role of ID proteins in the 
maintenance of the cancer stem cell phenotype. In future 
studies it will be important to determine how the E3 
ubiquitin ligase and DUB pathway is fine-tuned to regu-
late ID protein turnover during cell fate determination 
in embryonic and somatic stem cells, and to determine 
how important the deregulation of this pathway is for 
the aberrant accumulation of ID proteins in individual 
cancers and cancer stem cells.

ID proteins and cancer stem cells
Cancer stem cells are thought to be a subpopulation in 
the bulk of tumour cells that has the capacity to initiate 
tumours and recapitulate the lineage heterogeneity of 
the parental tumour. They are also defined by proper-
ties that are characteristic of tissue stem cells, such as 
self-renewal and multipotency. The positive function 
of ID proteins in cancer stem cells is best understood 
in colon cancer and malignant glioma, although it is 
plausible that other types of cancer stem cells depend 
on ID proteins: in particular, cancers that originate from 
tissues in which ID proteins sustain attributes of nor-
mal stem cells (such as breast, prostate, muscle, neural 

and haematopoietic stem cells)37,38,98–103 (BOX 1). In colon 
cancer stem cells, the combined expression of ID1 and 
ID3 increased both self-renewal and tumour initiation83. 
In agreement with these findings, ablation of ID genes 
in vitro increased the proportion of cancer stem cells that 
underwent symmetric cell division with differentiated 
cell fate, which caused the loss of stem cell markers in 
the progeny. Cancer stem cells have increased resistance 
to chemotherapeutic agents and, in accordance with 
this, silencing of ID1 and ID3 in culture-based assays 
sensitized cells to oxaliplatin83. In high-grade glioma, ID 
proteins are co-expressed in the diverse cell populations 
that constitute the tumour, including glioma stem cells. 
In an orthotopic model of brain cancer that was driven 
by the HRASV12 oncogene, deletion of conditional ID1, 
ID2 and ID3 alleles in the tumour cells decreased the 
glioma stem cell population (nestin-positive and stage-
specific embryonic antigen 1 (SSEA1)-positive cells), 
blocked tumour growth and extended mouse survival. 
Furthermore, cells that were selected in vitro for the abil-
ity to self-renew were completely devoid of tumorigenic 
capacity if ID genes were deleted after the implantation 
of these cells into the mouse brain; cells retained robust 
tumorigenic potential if ID genes were intact82. This 
finding is in line with the observation that embryonic 
neural stem cells (NSCs) completely lose self-renewal 

Figure 2 | Regulation of ID protein expression by oncogenes and tumour-suppressor genes. a | Receptor tyrosine 
kinases (such as epidermal growth factor receptor (EGFR) and fibroblast growth factor receptor (FGFR)), RAS and SRC 
converge on MEK–ERK to activate inhibitor of DNA binding (ID) gene transcription via the early growth response (EGR) 
transcription factors47,52,121,197,198. Notch signalling activates ID expression during developmental processes and in cancer 
cells46,50,51. MYC and Ewing’s sarcoma (EWS)–Friend leukaemia integration 1 (FLI1) oncoproteins directly bind to the 
promoters of ID genes at E-boxes and ETS binding sites, respectively32,199. Intracellular signalling that is initiated by bone 
morphogenetic protein (BMP)–SMAD induces expression of ID through SMAD binding to BMP-responsive elements in the 
promoters of ID genes200, whereas ID gene transcription that is induced by transforming growth factor-β (TGFβ) in some 
contexts might occur through non-canonical signalling pathways such as MEK–ERK (indicated by the dashed arrow)134,135. 
Crosstalk between SRC and BMP–SMAD signalling increases ID transcription47. b | The tumour suppressors p53 and 
forkhead box protein O3 (FOXO3) exert inhibitory activity on ID transcription53,54. Growth inhibitory signals by  
TGFβ–SMAD in epithelial cells induce the expression of activating transcription factor 3 (ATF3), which forms a repressive 
complex with SMAD on ID gene promoters129,131,132. Post-transcriptional inhibition of ID is executed by growth inhibitory 
microRNAs (such as miR-335, miR-9 and miR-29)63,64. Physical interaction between hypophosphorylated RB and ID2 
further limits ID2 function30–32. Dashed arrows in part a and part b indicate intermediate steps before ID promoter 
activation or repression. EGF, epidermal growth factor; FGF, fibroblast growth factor.
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and multi-potency in the absence of ID1, ID2 and ID3. 
However, stem cell properties can be sustained to a level 
that is almost normal in cells that retain one ID2 allele, 
which indicates that ID proteins function redundantly 
in NSCs38. Similarly, in the developing mouse brain, the 
inactivation of Id1 and Id3 (but neither gene alone) is 
required to trigger premature differentiation of NSCs104. 
The activation of ID1 and ID3 proteins in glioma stem 
cells is part of the oncogenic response to TGFβ105. Short 
hairpin RNA-mediated silencing of ID1 and ID3, and 
treatment of glioma stem cells using inhibitors of the 
TGFβ receptor abrogated glioma stem cell properties 
in vitro and in orthotopic transplantation experiments. In 
mouse astrocytes that are deficient in cyclin-dependent 
kinase inhibitor 2A (Cdkn2a−/−) the expression of ID4 
induces glioma stem cell markers in association with 
activation of cyclin E and Notch signalling48. ID4 has 
also been shown to derepress miR-9*-mediated sup-
pression of SRY-box 2 (SOX2), which leads to increased 
glioma stem cell potential and chemoresistance106.

As with somatic stem cells (BOX 2), cancer stem cells 
are anchored to a niche and derive supportive signals 
through cell–cell contacts with endothelial cells in 
the blood vessels. The ability to adhere to the niche is 

a crucial feature of normal stem cells and cancer stem 
cells107–111. Loss of ID proteins disrupts stem cell adhe-
sion to endothelial cells in the niche both in NSCs and in 
glioma stem cells38,82 (FIG. 4). ID-mediated repression of 
bHLH transcription limits the expression of RAS-related 
protein 1 (RAP1) GTPase-activating protein (RAP1GAP) 
— a bHLH target gene that encodes an inhibitor of the 
RAP1 GTPase, which controls cell adhesion via integrin 
signalling112. When ID protein levels decrease, for exam-
ple, at the time of neural differentiation or in the absence 
of ID proteins in Id-knockout mice, derepression of 
Rap1gap inhibits RAP1 and drives stem cell detachment 
from the niche. Thus, whereas in NSCs the ID–bHLH 
axis dynamically regulates cell intrinsic cues that direct 
stem cell interaction with the niche, the continuous block 
of bHLH activity by increased ID activity in glioma stem 
cells locks adhesion signals in an aberrant ‘on’ state. This 
is consistent with RAP1GAP, ID2 and ID3 being part of 
a five-gene prognostic signature in patients with high-
grade glioma. Overall, in both colorectal cancer and 
malignant glioma, ID proteins function as ‘classic’ master 
regulators of stem cell identity, and their combined loss 
affects both the self-renewal and the tumour-initiating 
capacity of cancer stem cells (TABLE 3).

Experimental mouse models of high-grade glioma 
recently showed a different and intriguing function of ID 
proteins: cells with high ID1 expression manifested high 
self-renewal potential in vitro and tumorigenic capac-
ity when injected orthotopically, whereas cells with low 
expression of ID1 had impaired in vitro self-renewal but, 
surprisingly, had more robust tumorigenicity113. This 
cell population might represent the cancer counterpart 
of the stem cell progeny that has been identified in the 
neurogenic areas of the brain as transit-amplifying progeni-
tors. These progenitors, which express lower levels of ID 
proteins than NSCs37, are capable of limited self-renewal 
but have high proliferative potential114 and could be the 
cell of origin for different brain tumour subtypes115.  
The inverse correlation between ID1 expression and 
tumour progression might explain the slightly better 
prognosis for the subgroup of patients with glio blastoma 
that have a proneural gene expression signature and high 
ID1 expression compared with the subgroup of patients 
with low ID1, although both subgroups fare poorly. 
Thus, in certain tumour types, both stem-like cells and 
cells with features of committed progenitors might har-
bour the genetic events that confer the capacity to propa-
gate tumours efficiently. These findings also indicate 
that targeting both cell populations will be important to 
effectively treat glioblastoma113.

The function of ID proteins in cancer stem cell 
adhesion to the niche and the idea that self-renewal 
and tumour initiation might be attributes of distinct cell 
populations (stem cell-like cells and highly proliferative 
progenitors, respectively) warrant further investiga-
tions in other types of cancer. However, the documented 
instances in which cancer stem cells manifest depend-
ency towards the expression of ID proteins for cancer 
initiation support the conclusion that the redundant 
expression of ID proteins as a whole preserves the  
cancer stem cell state.

Figure 3 | Control of ID protein stability by ubiquitin ligases and deubiquitylating 
enzymes. a | In stem and progenitor cells (and potentially irreversibly in cancer stem 
cells) the ubiquitin (Ub) ligases that target inhibitor of DNA binding (ID) proteins for 
ubiquitin-mediated proteasomal degradation — anaphase-promoting complex/
cyclosome (APC/C)–CDH1 and SMAD ubiquitylation regulatory factor 2 (SMURF2) —  
are inactive (shown by dashed outlines and dashed arrows)92,94–96. Conversely, the enzyme 
that deubiquitylates ID (ubiquitin-specific protease 1 (USP1)) is overexpressed. ID 
proteins are stable and accumulate at high levels to maintain stemness. b | During 
differentiation and senescence the ubiquitin ligases for ID proteins are active and the 
expression of USP1 is downregulated. ID proteins are ubiquitylated and destabilized, 
thereby triggering differentiation and cell cycle withdrawal41.
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ID proteins and angiogenesis
The first evidence that ID proteins have functions that 
are important for tumour progression, independently 
of their expression in cancer cells, came from studies 
that implicated ID in tumour angiogenesis104,116,117. ID1 
and ID3 proteins accumulated in vascular endothelial 
cells of human primary tumours and mouse tumours, 
and Id1;Id3 double-knockout mice that received xeno-
grafts or that were genetically engineered to produce 
tumours showed a marked loss of vascular integrity 
and delayed tumour progression. The endothelial cell-
intrinsic role of ID proteins has been linked to their 
ability to increase the mobilization and proliferation 
of bone marrow-derived endothelial progenitor cells 
(EPCs) that are recruited to form tumour blood ves-
sels118. This essential activity of ID proteins indicated 
that anti-angiogenic therapies that use ID protein 
inhibition might be useful in the clinic. Increased 
expression of ID proteins in cancer cells has also been 
implicated in the promotion of tumour angiogenesis. In 
both mouse models of cancer and human tumour cells, 
ID proteins induce the expression of pro-angiogenic 
factors — hypoxia-inducible factor-1α (HIF1α), vascu-
lar endothelial growth factor A (VEGFA)33, fibroblast 
growth factor receptor 1 (FGFR1)119 and cytokines 
(such as growth-regulated-α (GROα; also known as 
CXCL1)), interleukin-6 (IL-6) and IL-8 — that increase 
endothelial cell proliferation and migration and that 
might influence the biological properties of other cell 
types in the tumour microenvironment120,121 (TABLE 3).

Tumour invasion and metastasis
Evidence for the important role of ID genes as potential 
drivers of metastasis comes from the presence of ID1 
among the 18 genes that constitute the lung metastasis 

signature for breast cancer cells122. In vivo, silencing of 
ID1 and ID3, both of which are highly expressed in meta-
static breast cancer cells, impairs metastasis by human 
breast cancer cell lines and breast cancer cells that are 
derived from mouse mammary tumour virus (MMTV)–
NeuYD- and MMTV–Wnt1-transgenic mice123. These 
studies confirmed earlier findings that the inhibition  
of ID1 expression has a significant impact on the abil-
ity of breast cancer cells to metastasize in xenograft 
models124. The function of ID proteins in metastatic 
colonization is twofold: increased invasiveness through 
induction of an EMT programme at the primary  
site and increased ability to colonize the secondary site 
through reversal to an epithelial state (mesenchymal-to-
epithelial transition (MET)). It has been suggested that 
ID proteins can promote invasiveness through the extra-
cellular matrix and the increased production of matrix 
metalloproteinases (MMPs)124. However, other studies 
reported that knockdown of ID1 and ID3 had little effect 
on the ability of breast cancer cells to extravasate into 
the lung parenchyma123. ID1 also emerged as a direct 
target of Krüppel-like factor 17 (KLF17), which is a 
transcriptional repressor that suppresses metastasis in  
a mouse model of breast cancer, and upregulation of ID1 
was essential for both EMT and the metastatic pheno-
type when KLF17 was knocked down125. This pathway 
has clinical relevance because low KLF17 and high ID1 
expression levels in the primary tumour are characteris-
tic of patients with breast cancer who have lymph node 
metastasis at diagnosis125. These pro-metastatic func-
tions of ID proteins in breast cancer suggest mecha-
nistic links between high expression of ID proteins and 
tumour-initiating and tumour-colonization competency, 
which is a key attribute of cancer stem cells126,127.

Studies on the molecular pathways that are engaged 
by ID proteins to drive invasion and metastasis are still 
in their infancy. It has been shown that hyperactivation 
of ID increases migratory features through the inhibi-
tion of bHLH-mediated transcription of anti-metastatic 
genes such as semaphorin 3F (SEMA3F)128. In primary 
epithelial tumours, ID protein expression is associated 
with EMT127,129,130, which can be activated by cytokines 
of the TGFβ superfamily. In normal cells the activity of 
TGFβ is usually linked to the rapid inhibition of ID gene 
expression32,131–132. Conversely, EMT that is induced by 
TGFβ in epithelial cancer cells is associated with an 
increase of ID1 expression130, and recent evidence sug-
gests that the TGFβ-mediated increase of ID1 in mes-
enchymal breast cancer cells is mediated through the 
CBP/p300 co-activator133. It is possible, although not 
experimentally proven, that the degree of activation by 
TGFβ of the expression of mitogenic cytokines and non-
canonical TGFβ signalling pathways (MEK–ERK and 
PI3K, among others) dictates the readout of ID protein 
levels134,135. When they are ectopically expressed in vitro, 
ID proteins have been shown to inhibit or promote EMT. 
Suppression of EMT has been linked to the inhibition of 
E47-mediated repression of E-cadherin (also known as 
cadherin 1)136,137. The molecular mechanisms of induc-
tion of EMT by overexpression of ID proteins remain 
unclear. ID proteins might drive the molecular switch 

Box 1 | ID function in normal stem cells

In	embryonic	stem	cells,	somatic	stem	cells	and	progenitors,	inhibitor	of	DNA	binding	
(ID)	family	members	are	required	to	preserve	stem	cell	identity	and	prevent	premature	
differentiation	(FIG. 1).	The	initial	studies	that	linked	the	properties	of	stem	cells	to	ID	
activity	showed	that	in	embryonic	stem	cells	pluripotency	is	sustained	by	bone	
morphogenetic	protein	4	(BMP4)-mediated	expression	of	ID	genes	via	SMAD	
signalling42.	Moreover,	the	negative	effect	of	ID1	deletion	on	the	expression	of		
NANOG,	which	is	a	key	factor	in	maintaining	pluripotency,	and	the	positive	effect	on	
Brachyury,	which	is	a	mesendoderm	differentiation	factor	—	but	not	on	pro-neural	
factors	—	suggested	that	ID1	and	possibly	other	ID	proteins	control	self-renewal	and	
cell	fate	determination	through	different	pathways39.	Several	studies	have	linked	ID	
proteins	to	embryonic	and	adult	somatic	stem	cells	in	different	tissue	types.	In	neural	
stem	cells	(NSCs)	and	progenitors,	multiple	ID	family	members	preserve	stem	cell	
properties37,38,54,176–178.	High	levels	of	ID1	identify	type	B1	adult	NSCs,	and	ID1	and	ID3	
are	required	to	maintain	the	self-renewal	capacity	of	this	cell	population37.	Adhesion	of	
NSCs	to	the	niche	microenvironment	is	a	fundamental	feature	that	has	recently	been	
attributed	to	ID	protein	activity	via	repression	of	basic	helix–loop–helix	(bHLH)	
transcription38.	ID	proteins	have	been	recognized	as	key	factors	for	stem	cell	identity	in	
other	somatic	stem	cells,	including	in	murine	models	of	haematopoiesis,	in	pancreatic	
and	lung	development	and	in	adult	muscle98–103.	Collectively,	the	contributions	of	ID	
proteins	to	the	self-renewal	of	embryonic	and	somatic	stem	cells	arise	from	a	
combination	of	integrated	transcriptional	events,	most	of	which	are	caused	by	the	
sequestration	of	ubiquitously	expressed	bHLH	proteins.	This	sustains	the	expression	of	
master	regulators	of	self-renewal	and	prevents	the	activation	of	differentiation	
programmes	and	the	expression	of	cell	cycle	inhibitors.
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that upregulates N-cadherin (also known as cadherin 2), 
which is a key molecular determinant of EMT138–140. 
Aberrant expression of N-cadherin increases the levels of 
active RHOA, RAC1 and cell division control protein 42 
(CDC42), which are small GTPases that are associated 
with EMT141,142 and cell motility and that are regulated by 
ID proteins138. Furthermore, the transcriptional repres-
sion of RAP1GAP by ID proteins unleashes the activity 
of RAP1, which is a key regulator of cellular adhesion 
that triggers integrin-mediated cell–extracellular matrix 
interactions and promotes invasion82.

Importantly, the essential role of ID proteins in 
re initiating proliferative programmes that are necessary 
for formation of secondary tumours123 and the observa-
tion that MET is necessary for metastatic seeding143,144 
suggested that ID activity in disseminated tumour cells 
in the lung might also have a role in MET. Indeed, recent 
evidence indicates that ID proteins are required for early 
metastatic colonization of breast cancer cells in the lung 
owing to the inhibition of the mesenchymal factor 
TWIST and to the induction of MET. Conversely, ID 
proteins cannot inhibit SNAIL in the primary tumour, 
and this preserves EMT133.

In addition to their tumour cell-intrinsic pro-
metastatic function, ID proteins also increase meta-
static progression when aberrantly expressed in bone 
marrow-derived EPCs145. Besides their contribution to 
tumour angiogenesis, which can nevertheless influence 
the formation of macrometastasis, EPCs also seem to 
participate in the early stages of metastatic colonization, 
probably through the production of pro-angiogenic 
growth factors that facilitate the growth of micrometa-
static lesions to macrometastasis146. Knockdown of ID1 
in bone marrow-derived EPCs but not in tumour cells 
leads to a significant reduction of pulmonary macro-
metastasis. Thus, similar to the role of ID proteins in 

tumour angiogenesis, a dual function of ID proteins — 
in tumour cells and EPCs — seems to promote tumour 
invasion and metastasis.

Escape from senescence and cell death
ID proteins also function in tumour progression by 
inhibiting programmed cell death and promoting 
tumour cell survival. The anti-apoptotic function of 
ID proteins has been reported in various cell and can-
cer types, including endothelial and pancreatic β-cells, 
oesophageal and nasopharyngeal carcinoma, as well as 
prostate, breast and ovarian cancer60,138,147–156. Aberrant 
levels of ID proteins have been associated with the 
upregulation of anti-apoptotic and pro-survival factors 
(BCL-2, BCL-XL, PI3K–AKT and nuclear factor-κB 
(NF-κB))150,157, and the inhibition of pro-apoptotic sig-
nals (CDKN1A (also known as p21), CDKN2A and BIM 
(also known as BCL2L11))155,158 (TABLE 3). Targeting ID 
proteins in cancer cells using genetic knockdown, small 
interfering RNA (siRNA) or specific peptide aptam-
ers induces programmed cell death60,152–154. In prostate, 
breast, lung and oesophageal cancer, reduction of ID pro-
tein expression also restored cell death that was induced 
by chemotherapeutic agents or cytokines59,60,83,106.

The oncogenic role of ID proteins in cancers of epi-
thelial origin might relate to their ability to overcome  
the barrier of RAS-induced senescence, which inhibits the 
oncogenic activity of RAS. In particular, the essential role 
of ID1 in this process is underscored by the observation 
that a substantial proportion of HRAS-V12-driven breast 
tumours regressed when senescence was restored after 
ablation of ID1 (REF. 159). The molecular determinants 
that are recruited by ID proteins to release cells from 
senescence are unclear. They may or may not coincide 
with the downregulation of the cyclin-dependent kinase 
inhibitors CDKN2A and CDKN1A, which are known 
inducers of senescence25,155,158 (TABLE 3). Nevertheless, 
breast cancer cells that are transformed by activated 
HRAS and ID1 show addiction to ID1 expression, thereby 
supporting the idea that ID1 is an attractive therapeutic 
target in breast cancer159. Although ID1 cooperates with 
HRAS-V12 to transform mammary epithelial cells, ID1 
alone fails to promote neoplastic transformation after 
transgenic expression in vivo in both the mouse mam-
mary gland and the prostate160,161. It is conceivable that ID 
proteins have context-dependent transforming activity 
because transgenic ID1 or ID2 expression in lymphoid 
cells generates tumours162,163. Although we have a deeper 
understanding of the functions of ID proteins in tumour 
maintenance and progression, the transforming role of 
ID proteins is postulated on the basis of their capacity to 
inhibit a powerful and multimodal tumour-suppressive 
pathway, the RB pathway, via the direct inactivation of 
RB by ID2 and possibly ID4 (REFS 29–33) or indirectly 
through the blocking of ETS-mediated expression of 
INK4A by ID1 (REF. 27).

ID proteins: therapeutic targets in cancer
Several studies have indicated that individual or multiple 
ID proteins are valid therapeutic targets in mouse models of 
cancer and human tumour cell lines (reviewed in REF. 13). 

Box 2 | The stem cell niche

Stem	cells	are	capable	of	long-term	self-renewal	and	differentiation	and	are	maintained	
in	appropriate	numbers	at	defined	locations.	In	these	locations	a	specialized	
extracellular	environment	defines	a	supportive	stem	cell	niche	and	regulates	stem	cell	
functions.	This	complex	environment	is	composed	of	cells,	stem	cells	and	supportive	
cells	(such	as	stromal	cells	and	endothelial	cells	in	the	blood	vessels),	extracellular	matrix	
(ECM),	as	well	as	the	signalling	molecules	that	are	associated	with	each	population	of	
stem	cells.	In	its	simplest	form,	the	niche	hypothesis	describes	a	heterologous	cell	
interaction,	which	fosters	the	preservation	of	the	stem	cell	state179–182.	However,	more	
functions	of	the	niche	have	been	identified	as	our	understanding	of	how	stem	cells	
behave	has	evolved	in	parallel	with	the	identification	of	an	increasingly	diverse	array	of	
participating	elements	of	the	microenvironment	that	regulates	these	cells183–186.	Stem	
cell	niches	have	been	identified	and	characterized	in	many	tissues,	including	the	germ	
line,	bone	marrow,	digestive	and	respiratory	systems,	skeletal	muscle,	skin,	hair	follicle,	
mammary	gland,	liver	and	the	central	and	peripheral	nervous	systems186–192.	Extensive	
studies	have	begun	to	elucidate	the	crucial	components	of	many	stem	cell	niches,	which	
include	specific	mesenchymal,	vascular,	neuronal,	glial	and	inflammatory	cell	types,	
diffusible	and	cell-surface-associated	signalling	molecules,	and	physical	parameters	
such	as	matrix	rigidity,	oxygen	tension	and	temperature183–186,193–196.	In	adults,	an	
important	function	of	the	niche	is	to	maintain	stem	cells	in	the	quiescent	state	and	to	
control	the	balance	between	self-renewal	and	differentiation.	The	cancer	stem	cell	
hypothesis	has	changed	the	perspective	on	cancer.	It	is	yet	to	be	determined	whether,	
similar	to	normal	stem	cells,	cancer	stem	cells	are	dependent	on	niche	signalling	and	
whether	genetic	lesions	in	cancer	target	niche-signalling	factors.
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The anti-ID approaches that have been tested so far can 
be summarized into two categories, those that aim to 
extinguish ID gene expression through in vivo delivery of 
ID-specific siRNA molecules and those that use specific 
peptides to target the protein–protein interaction prop-
erties of ID proteins. Several studies have successfully 
silenced ID genes by transducing siRNAs into cancer cells 
in vitro and have reported a significant effect on tumour 
growth in xenograft experiments using immunodeficient 
mice. In a more clinically meaningful system, siRNAs 
that targeted ID1 were fused to a peptide (ID1–peptide-
conjugated antisense oligonucleotide (ID1–PCAO)) that 
was known to specifically localize to the tumour neovas-
culature164. In two different mouse models (breast cancer 
and lung carcinoma) that are characterized by abundant 
expression of ID1 in the tumour vasculature, systemic 
delivery of ID1–PCAO using an osmotic pump resulted 
in successful targeting of the tumour vasculature that 
ultimately led to increased intra-tumour haemorrhage, 
hypoxia and the inhibition of growth of primary tumours 
and metastases compared with controls. The antitumour 
effects of ID1–PCAO were further potentiated by a com-
bined treatment with the heat shock protein 90 (HSP90) 
inhibitor 17-allyamino-17-demethoxygeldanamycin 
(17-AAG), which is a compound that was previously 
shown to reduce tumour burden by cooperating with 
genetic ablation of ID genes165. Another example of suc-
cessful delivery of an ID-specific siRNA in vivo involved 
the incorporation of siRNAs into neutral liposomes. 
Intra-peritoneal administration of a liposome–ID2 
siRNA complex into nude mice with subcutaneous xeno-
grafts and liver metastasis of human colorectal carcinoma 

cells reduced tumour burden148. A similar but more 
technologically innovative approach has recently been 
reported71. From a large-scale screening effort, ID4 was 
shown to be an important oncogene in ovarian cancer: 
it was amplified in more than 30% of the cases analysed. 
Tumour-penetrating nanocomplexes (TPNs) that con-
tained siRNAs against ID4 limited the growth of estab-
lished ovarian tumours in mice and extended survival, 
thereby indicating that ID4 is a potential therapeutic tar-
get in ovarian cancer. Although limited by a short-term 
evaluation, these studies seem to indicate that inhibiting 
the activity of a specific ID protein does not result in del-
eterious general or organ-specific effects. Systemic treat-
ment with ID1–PCAO did not affect weight or wound 
healing, and kidneys were histologically normal 3 weeks 
after the completion of the treatment. Furthermore, 
animals that were treated with TPN–ID4 lacked macro-
scopic or histological signs of organ (bladder, spleen, 
heart, kidney, liver and ovary) toxicity after a 40-day 
intraperitoneal administration.

The challenge of targeting protein–protein interactions 
using small-molecule inhibitors has considerably limited 
progress towards the identification of bona fide molecules 
against ID that could be introduced into the clinic166,167.  
A potential solution to the complexity of identifying com-
pounds that have specific ID-inhibitory properties came 
from the identification of a peptide named 13I, which 
was found using a phage-display library of HLH domains 
that harbour amino acid substitutions in residues that 
are crucial for dimerization168. 13I can bind to ID pro-
teins and function as a dominant-interfering inhibitor169. 
Exposure of human neuroblastoma cells to 13I increased 
TCF3-mediated transcriptional activity, decreased the 
production of VEGFA and inhibited cell proliferation, 
invasion and colony formation in soft agar. The value of 
inhibiting the ID–bHLH heterodimerization is supported 
by the targeting of MYC using a mutant bHLH–leucine 
zipper domain called Omomyc170. ID-binding pep-
tides were also designed on the basis of the amino acid 
sequence of the bHLH protein myoblast determination 
protein 1 (MYOD1)171. These peptides have a high affinity 
for ID1, interfere with ID1 binding to MYOD1 and other 
bHLH proteins, and cause a proliferative block in cancer 
cells. In another study, the peptide aptamer ID1/3-PA7 
was identified using a yeast two-hybrid screen as a spe-
cific interactor with ID1 and ID3, as well as an activa-
tor of bHLH-mediated transcription153,154. Treatment of 
breast and ovarian cancer cells with ID1/3-PA7 induced 
cell cycle arrest and apoptosis in vitro. The above stud-
ies validate the idea that peptides can be used to inter-
fere with the ability of ID proteins to form complexes 
with their cellular partners, but therapeutically effective 
delivery of peptides to cancer cells in vivo will require 
substantial technological developments. Besides tech-
nical obstacles to ID-specific therapy, important unan-
swered questions remain. Can ID inhibition eradicate an 
advanced disease? Can tumours develop resistance to ID 
inhibition and, given the redundancy of ID protein activ-
ity, how much will resistance depend on compensation 
by other ID family members? It is important to mention 
that, besides the therapeutic effects of direct ID targeting, 

Figure 4 | ID proteins and the perivascular niche. a | In the presence of high 
amounts of inhibitor of DNA binding (ID) proteins, transcription that is mediated by 
basic helix–loop–helix (bHLH) transcription factors is repressed in normal and cancer 
stem cells, and this results in the induction of stem cell factors such as NANOG39 and the 
transcriptional inhibition of cyclin-dependent kinase inhibitors (CDKNs) and RAS-related 
protein 1 (RAP1) GTPase-activating protein (RAP1GAP)38. In the absence of RAP1GAP, 
RAP1 is preserved in its active state (RAP1–GTP), which results in the activation of 
integrin signalling and the anchorage of normal stem cells and cancer stem cells to the 
perivascular niche. b | Loss of ID proteins derepresses bHLH transcription, which leads to 
downregulation of NANOG and induction of CDKNs and RAP1GAP. Loss of RAP1–GTP 
triggers the release of normal stem cells and cancer stem cells from the perivascular 
niche, with loss of stem cell characteristics and tumour-initiating capacity.
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