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Abstract 

The basic helix-loop-helix (bHLH) transcription factor family plays a crucial role in regu-
lating cellular differentiation and development. Inhibitor of DNA binding 1 (ID1), 
which lacks a DNA-binding motif, functions as a dominant-negative inhibitor of class 
I and II bHLH factors to antagonize their abilities to bind to DNA and transcriptionally 
regulate target genes. Given that hematopoiesis is a dynamic and intricate process 
involving the differentiation of hematopoietic stem and progenitor cells into mature 
lineage cell types, elucidating the regulatory role of ID1 as a differentiation inhibitor 
within the hematopoietic system is paramount. Physiologically, ID1 is indispensable 
for maintaining normal bone marrow function and cell fate determination. However, 
aberrant ID1 expression, driven by pathogenic mechanisms, such as gene muta-
tions or oncogenic kinases, contributes to the initiation and progression of various 
blood disorders, particularly leukemia. In this review, we comprehensively summarize 
the expression patterns of ID1 in hematopoietic and stromal cells within the bone mar-
row niche, and delve into its modulation of blood lineage commitment and develop-
ment. While some discrepancies in the literature may arise from differences in experi-
mental models or detection methods, it is evident that precise ID1 regulation is crucial 
for myeloid-lymphoid fate decisions. Moreover, ID1 overexpression is a causal factor 
in hematologic malignancies. Encouragingly, significant strides have yielded promis-
ing antileukemic effects of ID1 inhibitors, both alone and in combination with tar-
geted therapies against oncogenic signaling pathways. Nevertheless, further efforts 
are needed to develop innovative and practical strategies that modulate ID1 activity 
to restore and sustain hematopoietic homeostasis.
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Graphical Abstract

Introduction
The helix-loop-helix (HLH) is the third-largest transcription factor family in the human 
genome, comprising more than 200 members that share a highly conserved HLH dimer-
ization domain and a basic DNA-binding region. Thus, HLH protein is also known as 
basic-HLH (bHLH) protein. On the basis of their distinct dimerization properties, 
the DNA-binding specificity, and tissue distributions, HLH proteins are classified into 
seven major categories (I-VII). The HLH domain consists of two conserved amphiphilic 
α-helices connected by a loop, which mediates the homodimerization or heterodimeri-
zation of HLH proteins. Upon dimerization, the N-terminal basic DNA-binding motif 
folds into a tweezers-like structure, enabling interaction with specific DNA sequences 
to regulate gene transcription during cellular development and differentiation [1]. These 
consensus DNA motifs include E-box (CANNTG), N-box (CACNAG), and Ets site 
(GGAA/T) [2]. Class I bHLH transcription factors are widely expressed E-proteins like 
transcription factor 3 (TCF3, also named E2A, E12/E47 and ITF1), TCF4 (also named 
E2-2 and ITF2) and TCF12 (also named HEB). Class II factors are tissue-specific myo-
genic regulatory factors, e.g., MYOD1. Inhibitor of DNA binding (ID), also called inhibi-
tor of DNA binding and cell differentiation, was initially identified by Benezra et al. in 
1990 and belongs to class V HLH factors distinguished by the absence of a DNA-binding 
motif. ID proteins preferentially interact with other bHLH proteins (primarily class I 
factors and occasionally class II) to generate inactive heterodimers. As a result, ID pro-
teins attenuate the DNA-binding ability of these proteins, acting as dominant negative 
HLH transcription factors (Fig.  1, all figures are created with BioRender.com.) [3, 4]. 
Currently, four members (ID1-4) of the ID family have been identified in mammals and 
are located on human chromosomes 20q11 [5], 2p25 [6], 1p36.1 [7], and 6p21.3–22 [8], 
respectively, among which ID1 is the best-characterized member.

The ID1 gene is located near the centromere at human chromosome 20q11.21 and 
encompasses a total length of 1222 base pairs (bp). The 426 bp 5′ exon containing the 
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HLH region and the 42 bp 3′ exon are separated by a single 239 bp intron. The ID1 gene 
gives rise to two transcripts, denoted as the longer variant (ID1a) and truncated form 
(ID1b), yielding mRNA transcripts represented by accession numbers NM_002165.4 
(protein NP_002156.2) and NM_181353.3 (protein NP_851998.1), respectively. ID1b is 
generated by alternative splicing, skipping the 5′ splicing donor signal that follows the 
5′ exon. This skipping adds a 24 bp translatable sequence to ID1b, resulting in an addi-
tional 7 c-terminal amino acids, but a lack of 13 c-terminal amino acids encoded by 
the 3′ exon unique to ID1a [5]. Consequently, the resultant protein products of ID1a 
and ID1b have 155 and 149 amino acids in length, respectively. Despite this divergence 
at the C-terminus, the two isoforms exhibit identical characteristics within the 5′ exon 
housing the HLH domain (amino acid residues 53 through 105) (Fig. 1). These two ID1 
isoforms have also been detected in leukemic cell lysates, but their functional differences 
still need to be elucidated [9].

Over the past thirty years, researchers have unveiled the multifaceted involvement 
of ID1 in various biological processes integral to cellular differentiation, proliferation, 
cell cycle regulation, stem cell identity preservation, and malignancy transformation. 

Fig. 1  Gene structure and sequence of ID1. A The chromosomal localization, genomic coordinate, and two 
transcripts (ID1a and ID1b) of the human ID1 gene visualized in the UCSC Genome Browser (https://​genome.​
ucsc.​edu/, accessed on 1 October 2024). ID1a has unique 13 c-terminal amino acids encoded by the 3′ exon, 
and ID1b has an additional seven c-terminal amino acids. B DNA sequence of the human ID1 gene. ID1 gene 
contains 1222 base pairs and two exons, the 5′ exon (426 bp) and 3′ exon (42 bp) separated by an intron 
of 239 bp. The untranslated sequence is shown with no spaces, and the translated sequence is displayed as 
triplets. The red underline indicates the HLH domain (100–525 aa) within the first exon. The C-terminal 13 
amino acids encoded by the second exon unique to ID1a and seven amino acids generated by alternative 
splicing unique to ID1b are highlighted in red and green, respectively. Other essential gene elements are 
underlined in black and indicated as described below the sequence. C The protein sequence and AlphaFold 
structure of ID1 protein from the AlphaFold database (https://​alpha​fold.​ebi.​ac.​uk/​entry/​P41134, accessed on 
1 October 2024). D The N-terminal basic DNA-binding motifs of the homologous or heterodimerized two 
bHLH proteins bind and generally activate target gene transcription. E The dimerization of ID1 and bHLH 
proteins weakens the DNA-binding ability of the bHLH protein to target DNA sequence

https://genome.ucsc.edu/
https://genome.ucsc.edu/
https://alphafold.ebi.ac.uk/entry/P41134
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ID1 exerts a wide range of functions in regulating the balance of proliferation and dif-
ferentiation in hematopoietic, neuronal, muscle, and other cell types [10–15]. ID1 has 
been well recognized as a key physiological regulator required for normal hematopoiesis 
function in vivo, and its expression is critical to determine hematopoietic cell fate. The 
hematopoietic microenvironment in the bone marrow (BM), termed as niche, consists 
of hematopoietic stem cells (HSCs) and HSC-derived cells (e.g., megakaryocytes and 
macrophages) and nonhematopoietic stromal cells (e.g., endothelial cells, perivascular 
mesenchymal stem cells (MSCs), osteoclast, osteoblast, osteoprogenitor, adipocytes 
and sinusoids) [16]. In adult mammals, hematopoiesis occurs in the BM microenviron-
ment and is maintained by the self-renewal and differentiation into mature blood lin-
eages of hematopoietic stem and progenitor cells (HSPCs). ID1 is widely expressed in 
both hematopoietic cells and supportive BM stromal cells, providing regulatory influ-
ence over hematopoietic development [16–18]. Notably, many studies have demon-
strated that abnormal ID1 expression is strongly correlated with hematologic disorders, 
including myeloproliferative neoplasms (MPNs), multiple myeloma (MM), and myeloid 
and lymphoblastic leukemia, positioning it as a potent prognostic biomarker and a via-
ble therapeutic target [19–22]. Herein, we review the ID1 expression profile in the BM 
hematopoietic system, focusing on its dynamic changes and regulatory roles in lineage 
commitment and development, and further highlight its crucial roles and therapeutic 
implications in hematological disorders.

ID1 expression in HSCs and their immediate progeny
Pluripotent stem cells (PSCs), including blastocyst-derived embryonic stem cells (ESCs) 
and induced PSCs (iPSCs), possess the pluripotency to differentiate into virtually all cell 
lineages of an organism, and an unlimited potential for self-renewal and proliferation 
in the same state. Undifferentiated human ESC (hESC) lines (H1 and H9) and hiPSC 
line (MchiPSC1.1) show identical ID1 expression profiles during in vitro hematopoietic 
induction. ID1 mRNA level rises rapidly in the hemogenic specification phase (phase 
I, day 0–7) as assessed by quantitative polymerase chain reaction (qPCR), peaks at the 
onset of hemogenic precursor emergence on day 7, and subsequently declines in the 
hematopoietic commitment phase (phase II, day 7–15) [23]. ID1 protein level is high in 
murine-derived undifferentiated ECSs during embryoid body formation, followed by a 
transient decrease on the first day of differentiation and returns to baseline on day 5 [24].

HSCs are involved in BM hematopoiesis throughout an individual’s adulthood, provid-
ing a lifelong supply of all mature cells needed for hematopoietic and immune systems. 
The classical hematopoietic hierarchical roadmap is a dogma of hematocyte research, 
and it demonstrates the stepwise or continuous differentiation process of HSCs into 
their progeny multilineage progenitors, committed progenitors, and mature lineage 
cells. In short, HSCs are generally classified into two subpopulations: long-term HSCs 
(LT-HSCs) and short-term HSCs (ST-HSCs), which are defined as Lin− Sca-1+ c-Kit+ 
(LSK) cells (lineage markers, Lin; stem-cell antigen-1, Sca1; KIT Proto-Oncogene, c-Kit). 
ST-HSCs develop into downstream multipotent progenitors (MPPs), common lymphoid 
progenitors (CLPs), common myeloid progenitors (CMPs), granulocyte-monocyte 
progenitors (GMPs), and megakaryocyte erythroid progenitor cells (MEPs). MPP4 is 
also defined as lymphoid-primed MPPs (LMPPs) with high expression of FMS-related 
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tyrosine kinase 3 (FLT3, also known as Flk2 in mice). The fate decisions of stem cells 
are governed by the integrated effects of intrinsic transcription factors and extrinsic 
cytokines to conduct the stepwise differentiation precisely (Fig. 2) [25–30].

The landscape of ID1 expression profile in all hematopoietic cell lineages and their 
responses to distinct cytokines important for hematopoiesis has already been charted 
in  vitro and in  vivo. A complete Id1 mRNA expression pattern has been outlined in 
HSCs and their immediate progeny purified from the normal bone marrow cells (BMCs) 
derived from C57BL/6 mice. Id1 transcripts are very low in HSCs and CLPs, markedly 
increase in CMPs, and further increase in GMPs, but decrease as CMPs mature to MEPs 
and erythroid cells. Id1 expression levels are decreased or absent during the differentia-
tion of neutrophil, lymphoid, and erythroid cells, specifically weak or not in TER119+ 
erythroid, Gr-1+ granulocyte, B220+ B, and CD3+ T cells, but remain high in terminally 
differentiated macrophages [31]. In line with this study, the most primitive LSK+ cells in 
murine BM exhibit higher Id1 expression than the LSK− subsets, namely oligopotent and 
lineage-committed progenitors [32]. An Id1/GFP knock-in mouse model with a green 

Fig. 2  ID1 expression in the classical and revised models of hematopoietic hierarchy. In the classical model 
of hematopoiesis, long-term HSCs (LT-HSCs), short-term HSCs (ST-HSCs), and multipotent progenitors 
(MPPs) sit at the upstream of the hematopoietic hierarchy. MPPs differentiate into the branches of the 
common lymphoid progenitors (CLPs) and common myeloid progenitors (CMPs). The second bifurcation is 
granulocyte-monocyte progenitors (GMPs) and megakaryocyte erythroid progenitor cells (MEPs), which are 
divided from CMPs. CLPs generate lymphocytes and dendritic cells, while GMPs give rise to granulocytes, 
macrophages, and dendritic cells; MEPs produce megakaryocytes/platelets and erythrocytes. In the revised 
roadmaps of hematopoiesis, lymphoid-primed MPPs with high levels of Flk2 are identified as a subset of 
the heterogeneous LSK (Lin− Sca-1− c-Kit+) progenitor pool. ID1 expression in hematopoietic cells and its 
changes by cytokine treatment are labeled. Abbreviations: Pro-T, T cell progenitor; Pro-B, B cell progenitor; 
NK: natural killer; Pro-NK, NK cell progenitor; CDP, dendritic cell progenitor; MoP, monocyte progenitor; EoP, 
eosinophil progenitor; NP, neutrophil progenitor; BaP, basophil progenitor; MkP, megakaryocyte progenitor; 
EP, erythroid progenitor; iPSC, induced pluripotent stem cell; ESC, embryonic stem cell; SCF, stem cell factor; 
IL-3, interleukin 3; G-CSF, granulocyte colony-stimulating factor; M-CSF, macrophage colony-stimulating 
factor; GM-CSF, granulocyte–macrophage colony-stimulating factor; FLT3L: FMS-related tyrosine kinase 3 
ligand; EPO: erythropoietin; TPO: thrombopoietin
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fluorescent protein (GFP) inserted downstream of the Id1 promoter (Id1G/G) from Sun’s 
Lab can track and examine ID1 expression on an individual-cell basis of rare BM subsets, 
as such inserted homozygous mice do not produce ID1 protein. Id1/GFP fluorescence is 
marginally expressed in LT-HSCs, but more abundantly than in ST-HSCs, and LT-HSC 
activity resides in the Id1/GFP-expressing LSK cells [33, 34]. Id1/GFP fluorescence is 
below the detection limit in LMPPs, CMPs, CLPs, MEPs, and CD19+ B lineage cells and 
is expressed only in GMPs. In addition, robust Id1/GFP expression has been observed in 
lineage-positive myeloid cells (Mac-1+) and myeloid lineage cells in the blood and peri-
toneum [34]. Compared with the multipotential erythroid myeloid lymphoid (EML) cell 
line, the more committed myeloid progenitor (MPRO) cell line has a higher ID1 protein 
expression level [31]. Thus, the expression pattern of ID1 provides direct evidence sup-
porting the revised model of HSC lineage determination, which proposes that LMPPs 
generate GMPs and CLPs without transitioning through CMPs. The upregulation of ID1 
in GMPs likely contributes to myeloid specification by shutting off the lymphoid option.

Several studies have investigated the dynamic changes of ID1 expression during the 
lineage differentiation of HSPCs by various hematopoietic growth factors (HGF) stimu-
lation. Interleukin 3 (IL-3), a cytokine that promotes myeloid cell maturation, induces 
increases in Id1 transcripts in EML, HSCs, and purified Linlo c-Kit+ Sca-1− BMC pro-
genitor cells supporting myeloid differentiation with or without stem cell factor (SCF). 
Conversely, IL-7/FLT3 ligand (FLT3L) does not significantly increase Id1 transcripts in 
EML, Linlo BMC, or CLPs during lymphocyte differentiation. In the Linlo BMC progeni-
tor population, the treatment of macrophage colony-stimulating factor (M-CSF) and 
granulocyte–macrophage colony-stimulating factor (GM-CSF) elevates Id1 mRNA lev-
els. However, granulocyte colony-stimulating factor (G-CSF) does not alter Id1 expres-
sion, and erythropoietin (EPO) and thrombopoietin (TPO) significantly down-regulate 
Id1 expression [31]. Cytokines promoting myeloid differentiation, such as IL-3, GM-CSF, 
and IL-6, stimulate robust Id1 expression in lineage-negative LSK progenitors, but IL-7, 
IL-4, IL-5, FLT3L, G-CSF, M-CSF, EPO, and TPO show no effects [34]. During eosino-
phil or neutrophil differentiation from CD34+ cells induced by cytokines, ID1 protein 
transiently increases and declines after extended culture. This pattern suggests that ID1 
expression is upregulated during early granulopoiesis and decreases during final matu-
ration [9, 35]. Together, these studies indicate that cytokines favoring myeloid differen-
tiation (e.g., IL-3) can upregulate ID1 expression in multiple HSPCs, thereby directing 
differentiation toward myeloid cells rather than lymphoid or erythroid cells.

The quantitation of ID1 gene expression presented here is primarily consistent with 
studies conducted on hematopoietic cell lines. The summary of ID1 expression in 
immortalized normal hematopoietic and leukemic cell lines is listed in Table 1. As an 
antagonist of terminal erythroid differentiation, Id1 is highly expressed in uninduced 
murine erythroleukemia cell line MEL, a valuable model to study erythroid differen-
tiation, and decreased when induced to differentiate by chemical inducer dimethyl 
sulfoxide (DMSO) [3, 36]. In a study analyzing ID1 expression across 18 human and 
murine hematopoietic cell lines, ID1 was detectable in most cell lines but exhibited par-
ticularly high expression in several myeloid cell lines, including WEHI-3, NFS60, and 
FDCP1 [37]. Furthermore, Id1 mRNA noticeably increases after exposure to IL-3 or 
GM-CSF in the mouse normal myeloid progenitor cell line FDCP1 and the childhood 
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Table 1  ID1 expression in hematopoietic cell lines

Cell lines Species Cell line 
type

ID1 
expression

Refs. Cell lines Species Cell line 
type

ID1 
expression

Refs.

H1; H9 Human Undiffer-
entiated 
hESC

Very low 
(mRNA)

[23] WEHI-3; 
NFS60

Murine Myeloid 
pro-
genitor 
leuke-
mia

High level 
(mRNA)

[37, 
39]

MchiPSC1.1 Human Undiffer-
entiated 
hiPSC

Very low 
(mRNA)

[23] HL60 Human Myeloid 
leuke-
mia

Very low 
(mRNA and 
protein)

[9, 37]

EML Murine Multipo-
tential 
erythroid 
myeloid 
lymphoid

Very low 
(mRNA)

[31] THP1; 
U937

Human Myeloid 
leuke-
mia

Very low or 
expressed; 
undetectable 
(mRNA and 
protein)

[9, 81]

32DC13(G) Murine Myeloid 
precursor

Expressed 
(transiently 
decrease after 
exposure 
to G-CSF) 
(protein)

[40] MOLM13; 
MOLM14

Human Myeloid 
leuke-
mia

Expressed 
(mRNA and 
protein)

[22, 
81]

MPRO Murine Myeloid 
progeni-
tor

High level 
(mRNA)

[31] KG1a Human Myeloid 
leuke-
mia

Very low 
(protein)

[9]

M1; RAW 
246.7

Murine Mono-
cyte/
mac-
rophage

Low (mRNA) [37] MC6 Human Masto-
cytoma

Very low 
(mRNA)

[37]

FDCP1 Murine Myeloid 
progeni-
tor

High level 
(increased 
after exposure 
to IL-3 or GM-
CSF)
(mRNA)

[37, 
38]

MO7E Human Acute 
mega-
karyo-
blastic 
leukemia 
(AML 
M7)

Very low or 
expressed 
(increased 
after exposure 
to IL-3 or GM-
CSF) (mRNA 
and protein)

[9, 37, 
38]

18–81; 22D6 Murine Pre-B Very low; low 
(mRNA)

[3, 
37]

MBO2; UT7 — Acute 
mega-
karyo-
blastic 
leuke-
mia

Expressed 
(protein)

[9]

HF-urba — B Expressed 
(protein)

[9] Namalwa Human Burkitt 
lym-
phoma

Very low 
(mRNA)

[37]

A301; Jurkat Human T Expressed; low 
(protein)

[9] P3X; T1165 Murine Plasma-
cytoma

Very low 
(mRNA)

[37]

K562 Human Erythro-
leukemia

Very low or 
high level 
(mRNA and 
protein)

[9, 22, 
37]

EL4; BW Murine Lym-
phoma 
precur-
sor T

Very low 
(mRNA)

[37]

MEL Murine Erythro-
leukemia

Expressed 
(uninduced 
status), 
decreased 
after exposure 
to DMSO 
(mRNA and 
protein)

[3, 36, 
37, 
42]

HUT78; 
CEM-SS; 
Kit225

Human T cell 
lym-
phoma

Expressed; 
low; unde-
tectable 
(protein)

[9]

TF-1 Human Erythro-
leukemia

Expressed 
(protein)

[9]

hESC: human embryonic stem cell; hiPSC: human induced pluripotent stem cell; AML: acute myeloid leukemia; IL-3: 
interleukin 3; G-CSF: granulocyte colony-stimulating factor; GM-CSF: granulocyte–macrophage colony-stimulating factor; 
DMSO: dimethyl sulfoxide
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acute megakaryoblastic leukemia cell line MO7E [38]. In the murine myeloid precur-
sor cell line NFS60, cellular proliferation stimulated by multiple cytokines (SCF, IL-3, 
L-6, G-CSF, and EPO) positively correlates with Id1 expression. These findings suggest 
the cell-cycle regulatory role of ID1 in multipotent myeloid progenitor cells [39]. In the 
murine myeloid precursor cell line 32DC13(G), Id1 mRNA is expressed, but its levels 
transiently decrease after exposure to G-CSF, which induces terminal differentiation 
[40]. ID1 expression is predominantly seen in proliferating bipotential and unipotential 
progenitors, but is absent in trilineage erythroid-megakaryocyte-macrophage progeni-
tors. Its expression declines along with the differentiation process and increasing matu-
rity of hematopoietic cells, and also with the growth arrest of proliferating cells [37, 38].

ID1 affects hematopoietic lineage development and cell‑fate decisions
ID1 negatively regulates the differentiation of ESCs and iPSCs

Id1-defective ESCs from Id1-knockout mice have a downregulation of the core regula-
tor of self-renewal Nanog and downstream upregulation of mesendoderm differentia-
tion marker Brachyury. This shift accounts for the impaired self-renewal capacity and 
increased differentiation propensity. Both forced Nanog expression and Brachyury 
reduction are sufficient to restore the self-renewal ability in Id1−/− ESCs, highlighting 
the critical role of the Id1/Nanog/Brachyury axis in regulating self-renewal and differen-
tiation toward early mesendodermal lineages for ESCs [24]. Knockdown of ID1 expres-
sion by small interfering RNA (siRNA) in hESC or hiPSC-derived human embryos 
(hEBs) during the early stage (day 0–2) does not affect the total cell number, viability, 
or hematopoiesis. However, ID1 silencing during the hematopoietic commitment (day 
8–10) substantially augments the output of mature hematopoietic cells from hematopoi-
etic precursors. It increases the colony forming unit (CFU) produced by CD34+CD45+ 
hematopoietic progenitors, yet does not alter CFU subtype distribution [23]. Constitu-
tively expressing ID1 in the hESCs has inhibited the activity of E-proteins necessary for 
lymphocyte development and failed to produce T and B cells [41]. Consequently, during 
the hematopoietic commitment phase, the negative regulatory role of ID1 on hESC and 
hiPSC directly affects hematopoietic precursors.

ID1 effects on hematopoiesis in Id1‑overexpressed models

ID1 overexpression can facilitate cell fate determination of myeloid versus lymphoid lin-
eage commitment in HSCs, myeloid versus erythroid cell development in CMPs, and 
macrophage versus granulocyte in committed GMPs. Id1 overexpression in HSCs and 
the multipotential clonal stem cell line EML impairs erythroid and B cell differentia-
tion in vitro and in vivo. Although the high level of Id1 does not affect the early stages 
of myeloid development, it inhibits the final stages of granulocyte but not macrophage 
differentiation [31]. Specifically, the murine erythroleukemia MEL cell line that con-
stitutively expressed functional ID1 protein shows inhibited DMSO-induced terminal 
erythroid differentiation, along with blocked activation and expression of certain eryth-
roid-specific genes [36, 42]. The constitutive expression of Id1 in CD34+ cells inhibits 
eosinophil proliferation and development while modestly enhancing neutrophil differ-
entiation in  vivo and in  vitro, suggesting that Id1 deficiency is seemingly required for 
eosinophil differentiation but not neutrophil maturation [35]. Forced expression of Id1 
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in LSK progenitors gives rise to largely Mac-1+ myeloid cells and very few CD19+ B cells. 
Consistently, Id1-expressing LSK progenitors in the transplantation model produce a 
greater percentage and number of myeloid cells while significantly decreasing lymphoid 
lineage cells [34]. Moreover, Id1 overexpression in BMCs enhances the proliferation and 
expansion of primitive progenitors and immature myeloid cells [9]. Mechanistically, 
E-protein activity enhancement can counteract ID1-mediated inhibition of E-proteins 
to prevent the myeloid cell fate and drive B cell differentiation. This observation under-
scores the crucial role of the coordination between E protein transcription factors and 
their inhibitor, ID1 protein, for determining the myeloid-versus-lymphoid fate choice 
[34]. Furthermore, the direct interplay between transcription factors growth factor inde-
pendent 1 transcriptional repressor (Gfi1), Tcf3, and Id1 is a key element in determining 
the fate of progenitor cells between myeloid and lymphoid lineages. High levels of Gfi1 
in multipotent progenitors can repress Id1 and potentiate the positive transcriptional 
activity of Tcf3, on its downstream B cell specific genes to commit towards B lymphoid 
lineage and block myeloid differentiation [43, 44]. Thus, these studies supported that ID1 
expression drives myeloid development at the expense of lymphoid formation.

Evaluation of ID1 effects on hematopoietic system in Id1‑deficient models

In addition, several studies comprehensively evaluated the changes in the hematopoietic 
system in Id1-deficient mouse models. Jankovic et al. reported for the first time that Id1-
null mice harbor normal myeloid cell numbers, slightly decreased erythrocytes, and sig-
nificantly decreased circulating lymphocytes in peripheral blood (PB). Both Id1−/− LSK+ 
and Id1−/− LSK− cells show an increased tendency of premature myeloid commitment 
and cell cycle entry, along with a premature loss of self-renewal capacity under condi-
tions of replicative stress. Id1 overexpression can reverse the premature commitment 
to myeloid differentiation in Id1−/− LSK+ cells, but not Id1−/− LSK− cells, indicating 
that ID1 acts as a specific differentiation inhibitor to control the early stages of HSCs 
commitment. In Id1−/− BM, the MEP/GMP ratio is increased along with inappropriate 
expression of myeloerythroid transcription factors, indicating that the absence of ID1 
in vivo favors myeloerythroid lineage commitment [32], which is consistent with ID1 as 
an antagonist for erythroid differentiation [36, 42, 45]. Similarly, Id1-deficient mice also 
exhibit normal steady-state hematopoiesis. Id1−/− grafts do not appear to diminish pri-
mary engraftment, but have impaired secondary transplantation potential with poorly 
reconstituted BM and PB. Id1 deficiency gives rise to impaired function and a two-fold 
reduced number of LT-HSCs, which may be mechanistically due to the promotion of Id1 
deficiency on E-proteins to activate the cyclin-dependent kinase inhibitors p21 and p16 
transcriptionally, and subsequently reduce LT-HSCs expansion, numbers, and engraft-
ment potential [33].

Another study independently examined the impaired hematopoiesis in the same 
Id1−/− mice. Also, it demonstrated the essential role of ID1 in maintaining the tri-lin-
eage development and hematopoietic progenitor cell niche in the BM. The total nucle-
ated BMCs is in Id1−/− mice is substantially reduced. Id1−/− BM shows an increased 
percentage of CD34lo LSK, LSK, and CMP but normal absolute numbers and self-
renewal of HSCs, suggesting that Id1 is not required for HSCs self-renewal or mainte-
nance [17]. Another study reported that the BM CMPs subpopulation decreases, MEPs 



Page 10 of 26Zhao et al. Cellular & Molecular Biology Letters          (2025) 30:124 

and CD11b+ monocyte subsets expand, and peripheral fraction of monocytes and neu-
trophils increases in Id1−/− mice. Moreover, in steady-state and hematopoietic stress 
conditions, Id1−/− mice have more Id1−/− LSK cells entering cell cycle, with enhanced 
proliferation and increased cell numbers [46]. Further backcrossing the conventional 
Id1−/− mixed background mice (B6;129) with C57BL/6 mice for ten generations revealed 
that the hematopoietic injury induced by the loss of Id1 is less severe on the pure genetic 
C57BL/6 background compared with the mixed background. In the stress hematopoiesis 
of chronic inflammation and aging mimicked by the serial bone marrow transplantation 
(BMT) assay, genetic ablation of Id1 enhances HSC self-renewal and protects HSCs from 
exhaustion. After BM transplantation, Id1−/− HSCs show a quiescent phenotype and 
molecular signature, including reduced proliferation, cell cycle, mitochondrial biogen-
esis/stress, and oxidative stress regulated by the Id1-Tcf3-p16 pathway [47]. Intriguingly, 
a series of BMT experiments  from these independent studies generally demonstrates 
that Id1+/+ recipient mice transplanted with Id1−/− HSCs have normal hematopoietic 
development but exhibit reduced survival. However, Id1−/− recipients with Id1+/+ HSCs 
transplantation show increased survival but still reproduce the impaired hematopoie-
sis of Id1−/− mice. These studies indicate that Id1 operates through both intrinsic and 
extrinsic signals in the BM niche. Here, we comprehensively review the changes in the 
hematopoietic system in Id1-knockout models, including the Id1−/− mice on conven-
tional mixed background [17, 32, 46], pure genetic background [47] and Id1/GFP knock-
in [33] act as a donor to provide BMCs. The application of different experimental models 
and detection methods may be the primary reason for differences in the findings of these 
studies (summarized in Table 2 and Fig. 3). Overall, we can conclude that the Id1-defi-
cient BM microenvironment cannot support normal hematopoietic development and 
cannot be rescued entirely by wild-type BM [9, 17, 46, 47].

ID1 regulates lymphocyte development

Although Id1-deficient mice (Id1G/G) do not exhibit significant abnormalities in steady-
state B lymphopoiesis, the transplant recipients of Id1-deficient BM show more robust 
B cell engraftment without changes in myeloid differentiation. Nevertheless, this advan-
tage in B cell differentiation is quickly masked by the dominant balanced capacity of 
the hematopoietic system five weeks post-transplantation. Id1 deficiency promotes the 
generation of B lineage cells and enhances the intrinsic ability to differentiate along B 
lineage in the LSK multipotent progenitors when cultured with cytokines SCF, FLT3L, 
and IL-7. However, the increased B lymphopoiesis is not at the expense of myeloid lin-
eage cells. Id1G/G mice exhibit detectable ID1 protein and mRNA expression in pro-B 
(B220+CD43+) but not pre-B cell (B220+CD43−) compartments [48]. Constitutive 
expression of Id1 in transgenic mice blocks the B cell maturation process of the transi-
tion from pro-B to pre-B cells, inhibits V(D)J and VκJκ recombination frequencies of the 
immunoglobulin loci, and reduces B cell-specific gene expression [49]. Thus, ID1 defi-
ciency promotes the generation and differentiation of B lineage cells.

The T cell-specific Id1 transgenic mouse line exhibits a dramatic reduction in the 
total number of thymocytes, and most of them are severely blocked at the earliest pro-
genitor stage of CD4 and CD8 double negative (DN) [50]. During normal thymus T 
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cell development, the T cell receptor (TCR) signal leads to a balanced activation of the 
NF-κB and the bHLH transcription factors (Tcf3 and Tcf12) to ensure proper differentia-
tion and proliferation. When the Id1 transgenic mouse is further crossed with Rag1-defi-
cient mice with TCR signaling absence, it exhibits a strongly potentiated NF-κB signal 
by Id1 expression, allowing T cells to differentiate from DN to double positive (DP) 
stage [51]. Subsequent in vitro assays prove that ID1 expression or E-protein inhibition 
directly stimulates NF-κB and its target cytokines, including tumor necrosis factor-α 
(TNF-α), in both DP T cell lymphoma cell line 16610D9 and thymocytes isolated from 
Id1 transgenic mice [52]. Once cells reach the DP stage, Id1 overexpression induces 
massive apoptosis of differentiating T cells by up to 50% of the total thymocytes, prob-
ably through effectively inhibiting the expression of the E-protein-activated antiapop-
totic genes. Thus, Id1 plays an oncogenic role in developing T cell lymphoma in adult 
transgenic mice at a high frequency [50]. However, CD4 promoter-driven Id1 transgenic 
mice have a healthy life with normal T cell development in the thymus and periphery. 
Ectopic Id1 expression can promote robust anti-CD3-induced proliferation and survival 
of peripheral naïve CD4+ T cells, and stimulate NF-κB activation and IL-2 production in 

Fig. 3  Schematic diagram and experimental design of whole Id1-deficient and Id1-overexpressed mouse 
models for studying the effects of ID1 on hematopoiesis. A 5-fluorouracil (5FU)-treated C57BL/6 (CD45.2) 
mice-derived bone marrow cells (BMCs) are infected with Id1-overexpression lentivirus or vector control, and 
then injected into the tail vein of irradiated C57BL/6 (CD45.1) mice with support marrow from CD45.1 mice. 
Several months after transplantation, hematopoietic cells in peripheral blood (PB), BM, spleen, and thymus 
are analyzed to evaluate the hematopoietic reconstitution and survival of Id1-OE mice, summarized from 
[9, 31, 34]. B The Id1−/− mice on a conventional mixed background [17, 32, 46], pure genetic background 
[47], or Id1/GFP knock-in [33], or Id1+/+ C57BL/6 wild-type, acts as a donor to provide BMCs to transplant into 
the irradiated primary recipient, respectively. Several months after transplantation, CD45.2 donor cells, and 
equal numbers of CD45.1 competitors, are transplanted into secondary recipients. The hematopoietic cells 
and hematopoietic reconstitution are monitored in Id1−/− mice and primary/secondary recipients. The green 
arrow indicates a decrease, the red arrow represents an increase, and (-) represents unchanged levels. GFP: 
green fluorescent protein
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the absence of CD28-mediated TCR costimulation. As mice aged, compared with wild-
type mice, Id1 transgenic expression facilitates thymocyte differentiation into T regula-
tory (Treg) lineage without CD28 costimulatory signaling, resulting in elevated thymic 
Treg cell output and increased peripheral Treg cell counts. The increased level of Treg 
cells leads to enhanced immunosuppressive function and reduced susceptibility to auto-
immune diseases in Id1 transgenic mice [53, 54]. Among the various T helper subsets 
induced by subset-polarizing conditions of spleen-derived naïve CD4+ T cells from wild-
type mice, Id1 is specifically expressed in Th9 cells compared with Th1, Th2, Th17, and 
Treg cells. Under physiological conditions, the expression of Id1 induced by IL-4 and 
TGF-β in naïve CD4+ T cells can transcriptionally inhibit Tcf3 and Tcf4 to enhance IL-9 
production and Th9 differentiation. In line with the idea that Id1 is an essential positive 
regulator of Th9 cell differentiation, both Id1-deficient naïve CD4+ T cells from CD4 T 
cell-specific Id1-deficient and whole Id1-knockout (KO) mice are unable to differentiate 
into Th9 cells or produce IL-9. Conversely, Id1 overexpression enhances IL-9 expression 
and Th9 cell differentiation. Naïve CD4+ T cells from different degrees of Id1-deficient 
models prove that Id1 expression has a gene dosage effect on IL-9 production; that is, 
IL-9 expression depends on Id1 levels. Id1-deficient Th9 cells express increased genes 
related to Type I immune responses and can ameliorate airway inflammation in asthma 
mouse models [55]. Therefore, it is clear that ID1 expression enhances the production 
and differentiation of Th9 cells.

Strategies for studying ID1 expression and function in hematopoiesis

Understanding the ID1 expression profile and its roles in the hematopoietic system 
depends on formulating rational and feasible strategies. Various research models and 
detection methods may explain the differences in findings observed in some studies. 
Thus, we have compiled the strategies from the published literature, which can be 
implemented independently or in conjunction (Table  2, Figs.  3 and 4). Three strat-
egies can be employed when studying the expression of ID1: First, on the basis of 
the expression pattern of surface markers, BM, PB, spleen, and thymus samples from 
healthy mice are sorted and analyzed by flow cytometry. Both protein and transcrip-
tion levels of ID1 in various purified hematopoietic lineage subsets can be detected. 
This method is simple and effective for acquiring ID1 expression in the hematopoi-
etic system [31, 32]. Second, Id1 knock-in mice (Id1G/G), in which GFP is inserted 
downstream of the Id1 transcriptional start site, can be used to trace and obtain Id1 
expression on an individual cell level with high-resolution information [33, 34, 48]. 
Third, immortalized human and murine HSPC lines or freshly isolated primary cells 
are stimulated to differentiate by treating them with a set of cytokines important for 
hematopoiesis, and ID1 expression and cell differentiation are detected, which can 
mimic the response of ID1 to differentiation signals [31, 34, 35]. To study ID1 func-
tion, three key experimental strategies are commonly employed. First, up- and down-
regulating ID1 on immortalized or primary HSPCs can be used to evaluate the effects 
of ID1 on hematopoietic cell differentiation [9, 31, 32, 34, 35, 52, 55]. Second, the 
number and function of hematopoietic cells in the BM, PB, spleen, and thymus sam-
ples from Id1-overexpressed or -deficient mice (including whole KO and conditional 
deletion mice) are compared with control mice [31–35, 48–55]. Third, serial bone 
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marrow transplantation (BMT) assays are performed using Id1-deficient mice to eval-
uate hematopoietic reconstitution capacity and survival [32, 33, 48].

ID1 expression and roles in stromal cells of the bone marrow niche
Besides the expression in hematopoietic cells, ID1 is widely expressed in other stromal 
cells to regulate cellular proliferation and differentiation, and hematopoietic homeosta-
sis in the BM niche through a cell-nonautonomous mechanism [17, 18]. The absence of 
Id1 does not affect bone or blood-vessel formation in the hematopoietic microenviron-
ment. However, multiple cytokines and chemokines are altered in vitro and in vivo in 
Id1−/− mice, which may partially account for the impaired hematopoietic phenotypes in 
Id1−/− mice. Id1−/− stromal cells produce increased levels of G-CSF and GM-CSF but 
decreased levels of SCF, M-CSF, osteopontin, fibroblast growth factor-1, transforming 
growth factor-α, and stromal cell-derived factor-1α in  vitro. Id1−/− mice also display 
decreased serum concentrations of IL-6, TNF-α, VEGF, GM-CSF, SCF, and M-CSF. 
However, the causal relationship between altered cytokines/chemokines production 
and hematopoietic defects remains incompletely understood [17]. On the other hand, 
another study suggested that the disordered homeostasis of myeloid precursor cells 
increases the number, differentiation, and resorption activity of osteoclasts, ultimately 
resulting in the osteoporotic phenotype of low bone mass and increased bone fragility. 
Id1-deficient osteoclasts have increased expression of key genes (e.g., the gene coding a 
proteolytic enzyme secreted by osteoclasts, Ctsk) necessary for osteoclast maturation, 
identifying ID1 as a prime regulator in the cross-talk between bone and BM hematopoi-
etic cells. Mechanistically, the increased secretion of CTSK in the BM microenviron-
ment can cleave cytokines that regulate the proliferation, survival, and mobilization of 
HSPCs [46].

Fig. 4  Schematic drawing of Id1 conditional mouse model to evaluate ID1 roles in specific hematopoietic 
cell lineages. A T cell-specific Id1 transgenic mice in homozygous background [50, 52] and the heterozygous 
transgenic mice by crossing with Rag1-deficient mice [51] for studying the effects of Id1 on thymus T cell 
development. B CD4-Id1 transgenic mice generated by inserting Id1 cDNA into a CD4 transgenic vector are 
used to study T cell developmental profiles in the thymus and periphery, especially regulatory T cell (Treg) 
[53, 54]. C Id1 hetero mice and CD4+ T cell-specific Id1-deficient mice for studying the differentiation of T cell 
subsets, especially Th9 [55]
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The differentiation of hESC provides an abundant source of endothelial cells for vas-
culogenic development. ID1 plays a critical role in regulating angiogenesis and vascu-
larization, as well as maintaining the cellular expansion and commitment of endothelial 
cells derived from hESCs [56, 57]. Hence, the enhanced hematopoietic potency observed 
in the Id1-deficient hemogenic precursors originating from hemogenic endothelial pre-
cursors may be an indirect effect of endothelial development inhibition [23]. In mice 
with endothelial cell-selective Id1-deficiency, the BM sinusoids exhibit progressive 
deterioration, characterized by loss of integrity, significant dilation, leakage, collapse, 
and a pro-inflammatory state. Mechanistically, Id1 gene ablation contributes to activat-
ing cell-cycle inhibitors (p21 and p27) by E-proteins, coupled with reduced apoptotic 
Bcl2-family gene expression, resulting in increased apoptosis and suppressed prolifera-
tion in sinusoidal endothelial cells. The disruption of sinusoidal integrity and neovas-
cularization leads to a gradual decline in hematopoietic function, marked by increased 
premature activation, proliferation, differentiation, migration, and exhaustion of HSCs. 
Therefore, ID1 is intrinsically required for the steady-state survival and regeneration of 
sinusoidal endothelial cells to maintain proper vessel permeability and hematopoietic 
homeostasis [58].

ID1 and hematologic disorders, particularly leukemia
ID1 is an unfavorable prognostic factor for leukemia

ID1 has been identified as a potential proto-oncogene in leukemia. However, the expres-
sion levels and prognostic values of ID1 remain controversial and inconclusive owing to 
different cohorts and statistical methods. Compared with healthy controls, elevated ID1 
expression has been observed in BMCs of acute myeloid leukemia (AML) and myelod-
ysplastic syndrome (MDS) patients [9, 18, 59]. ID1 is detectable and expressed in about 
20% (50/285) of patients with primary AML and is unrelated to the French-American-
British (FAB) subtypes, but it is higher in patients with -5/7(q) and t(15;17) [9]. High 
ID1 expression is also significantly associated with older age and FLT3/ITD+ [9, 59, 60]. 
Tang et al. analyzed ID1 expression and its possible prognostic value in 237 patients with 
AML for the first time [60]. The studies revealed a striking correlation between high 
ID1 expression and shorter overall survival (OS) and disease-free survival (DFS) in total 
patients with AML, as well as in specific subtypes such as M2 and M5 [18, 59, 60]. More 
importantly, our study demonstrated that ID1 is an independent unfavorable prognostic 
factor for 173 patients with AML from the Cancer Genome Atlas public database [61]. 
High ID1 expression is an independent risk factor for young non-M3 patients, but not 
for the whole AML, in our cohort of 102 de novo Chinese patients with AML [59]. Thus, 
cytogenetically normal (CN) young patients with high ID1 expression have lower com-
plete remission (CR) rates, and worse OS and DFS, suggesting that ID1-negative patients 
should be classified as unfavorable-risk leukemia [18, 59–61]. In another large cohort 
of 269 young patients with CN-AML, ID1 acts as an independent negative prognostic 
factor when the mutational status of CCAAT/enhancer-binding protein-alpha (CEBPA) 
is not considered. However, ID1 loses its prognostic impact when CEBPA mutation is 
considered in the multivariate analysis [62]. CEBPA is a transcription factor essential 
for normal differentiation of myeloid progenitors, and ID1 has been identified as a criti-
cal direct target gene of CEBPA [45, 63, 64]. An exome sequencing analysis of a cohort 
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of 263 patients with AML revealed that ID1 gene mutations are rare in AML, with a 
detection rate of only 2.66%. ID1 mutations are more common in cytogenetically nor-
mal patients with four novel nonsynonymous mutations (G40C, A124G, A230G, and 
A349G), and another new mutation, A290G, observed in a case with 11q23 deletion. 
Among them, the algorithm predicts that four mutations (G40C, A124G, A230G, and 
A290G) likely alter ID1 protein function [65]. Studies involving Colombian and His-
panic adult patients newly diagnosed with B cell acute lymphoblastic leukemia (B-ALL) 
indicate that high expression of ID1 may predict an inadequate response to induction 
treatment and a poor prognosis [66, 67]. Collectively, it is reasonable to speculate that 
aberrant high ID1 expression is correlated with adverse clinical outcome, and may be a 
surrogate consequence of other genetic variants, rather than a primary genetic event of 
leukemogenesis [63].

The therapeutic potential of ID1 in AML

ID1 is widely expressed in most AML cell lines, particularly in myeloid cell lines. Silenc-
ing ID1 using siRNA in the AML cell line MO7E inhibits cell growth, suggesting that ID1 
is required to maintain leukemia cell hyperproliferation [9]. Our research has revealed 
that the downregulated miR-29b in the demethylating drug decitabine (DAC)-resistant 
chronic myeloid leukemia cell line (K562/DAC) leads to abnormal upregulation of ID1 
and resistance to apoptosis. This finding indicates that ID1 is involved in the mechanism 
by which hypomethylating agents induce oncogene upregulation and secondary drug 
resistance [68, 69]. However, some studies have shown contradictory findings, indicating 
that ID1 expression is barely detectable in most AML cell lines and patient samples. The 
histone deacetylase inhibitor trecomycin A alone or combined with DAC can restore 
ID1 expression and induce more cell apoptosis and death [70]. All-trans retinoic acid 
can achieve therapeutic effects in acute promyelocytic leukemia (APL) cell lines and pri-
mary patient cells by rapidly increasing ID1 expression and downregulating TCF3, lead-
ing to G0/G1 cell-cycle arrest [71].

The aberrantly activated oncogenic tyrosine kinases and their downstream over-
lapped signaling pathways play important roles in the pathogenesis of hematopoietic 
malignancies [72]. Using a comparative gene expression strategy, ID1 is identified as a 
common downstream target of various oncogenic tyrosine kinases. The AML cell line 
MOLM14 and chronic myeloid leukemia cell line K562, which express FLT3-ITD and 
BCR::ABL1, respectively, exhibit growth inhibition, increased p27Kip1 expression, and 
enhanced apoptosis upon the knockdown of ID1. Mechanistically, the transcriptional 
target of FLT3-ITD tyrosine kinase on ID1 may depend on PI3K/AKt or JAK-STAT 
signaling cascades [22]. ID1 is required for BCR::ABL1-mediated leukemogenesis, 
and its expression is regulated by BCR::ABL1-STAT5 pathway to enhance the inva-
siveness of leukemia cells mediated by matrix metalloproteinase 9 [73]. Furthermore, 
the constitutively activated PI3K/PKB in BCR::ABL1-transformed cells can phospho-
rylate and inactivate FOXO3a, and abrogate its direct transcriptional repression of 
ID1 to maintain the leukemic phenotype [74]. The transcriptional coactivator p300 
acetylates AML-ETO oncogenic fusion protein generated by the translocation of the 
t(8;21). This acetylation allows p300 to co-occupy the ID1 promoter with AML-ETO, 
thereby inducing t(8;21) leukemia [75]. Id1 deletion can abrogate and slow down 
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leukemia initiation, and markedly prolong the survival time of the exon9a isoform of 
AML-ETO (AE9a) mice. Conversely, Id1 overexpression promotes the self-renewal of 
leukemic stem cells (LSCs) and accelerates leukemogenesis. Cannabidiol (CBD), an 
ID1 inhibitor, downregulates ID1 mRNA and protein levels dose-dependently. CBD 
can inhibit the downstream AKT1/mTOR signaling, leading to cell-cycle arrest and 
apoptosis to block AE9a-driven leukemogenesis and prolong survival. CBD also sen-
sitizes AML cells to AKT inhibitors and shows synergistic antileukemic effects when 
combined with AKT inhibitors, whereas normal hematopoietic cells are spared [18, 
76, 77].

ID1 is usually polyubiquitinated and rapidly degraded by the proteasome. USP1, 
the most well-studied deubiquitinase, can deubiquitinate and stabilize ID1 protein by 
removing the polyubiquitin chains from ID1 to prevent degradation. When ectopically 
expressed in MSCs, USP1 stabilizes ID1 protein, blocks the normal osteogenic differen-
tiation program, and induces proliferation to promote tumorigenesis. USP1 short hair-
pin RNA (shRNA) can rapidly degrade ID1, induce p21-mediated cell-cycle arrest, and 
initiate an osteogenic differentiation program in osteosarcoma, providing a target for 
tumor differentiation therapy [78]. Similarly, USP1 is aberrantly overexpressed in vari-
ous cancers and is closely associated with tumor development and progression, and is 
also generally upregulated in the BMCs of B-ALL patients. Both siRNA and pharmaco-
logical inhibitor (SJB3-019A) targeting USP1 can suppress ID1/AKT axis, inhibit B-ALL 
cell growth, and promote apoptosis [79]. In addition, other known USP1 inhibitors, such 
as pimozide, SJB2-043, and C527, can promote ID1 degradation and inhibit the growth 
of leukemic cell lines and primary AML patient-derived leukemic cells [80]. MLL-AF9 
fusion protein overexpressed fetal liver (FL) cells and BMCs obtained from the Id1−/− 
mice are used to perform serial replanting assays to mimic infant and postnatal MLL-
AF9-driven leukemia, respectively. Interestingly, Id1 deletion delays the development of 
fetal MLL-AF9-driven leukemia and increases the expression of MLL-AF9-driven leu-
kemogenesis markers HoxA9 and Meis1 in HSPCs, but accelerates the leukemogenesis 
of postnatal leukemia with downregulated HoxA9 and Meis1. P21 depletion can rescue 
the effects of Id1 deletion in both models, suggesting again that p21 is a well-established 
target of Id1. This finding demonstrates the differential effects of a gene on fetal and 
postnatal MLL-AF9-mediated leukemogenesis for the first time; however, the molecular 
pathogenesis is largely unknown and needs to be further clarified [18, 81].

A recent study sheds light on how ID1 regulates leukemia progression in a non-
cell-autonomous manner since ID1 is widely expressed in various cells in the BM 
microenvironment, as described above. In the AML BM microenvironment, bone 
morphogenetic protein 6 (BMP6) secreted from LSCs induces high levels of ID1 in 
BMCs, especially in MSCs. ID1 directly interacts with Ring Finger Protein 4 (RNF4), 
an E3 ubiquitin ligase, which subsequently diminishes SP1 ubiquitination and leads to 
the release of Angiopoietin Like 7 (ANGPTL7) in MSCs to accelerate AML progres-
sion. Knocking out ID1 in MSCs can induce cell-cycle arrest, suppress proliferation of 
cocultured AML cells in vitro, and extend the lifespan of both AML-ETO- and MLL-
AF9-driven AML mice in vivo [18].
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ID1 in other hematologic disorders

Both T cell-specific Id1 expression and Tcf3 ablation lead to T cell lymphoma forma-
tion in transgenic mice at high frequencies, while Id1 gene disruption can partially 
rescue the survival of Tcf3-null mice [21, 50, 82, 83]. As a potent oncogenic factor, 
Notch pathway activation is beneficial but not indispensable for cooperating with Id1 
to promote T cell lymphomagenesis by enhancing the survival and proliferation of 
leukemic cells that express Id1 [21]. One of the most frequent translocations in mul-
tiple myeloma, t(4;14), results in the overexpression of the oncogene multiple mye-
loma SET domain (MMSET). ID1 expression is detected in 40% (6/15) of the t(4;14)+ 
MM patients and is significantly associated with t(4;14) translocation. ID1 has been 
identified as a downstream transcriptional activation target of MMSET, facilitating 
oncogenic transformation in MM [84]. The high level of TGF-β secreted in the BM 
microenvironment of patients with MM activates the SMAD1-ID1-p21/p27 path-
way to confer malignant growth properties and drug resistance upon MM cells [85]. 
The JAK2-STAT5 signaling cascade activated by the acquired mutation JAK2V617F 
plays a pivotal role in the pathogenesis of multiple MPNs, such as polycythemia vera, 
essential thrombocythemia, and primary myelofibrosis. In murine fetal liver cells 
and patients’ erythroid cells of essential thrombocythemia patients, ID1 expression 
is positively correlated with JAK2V617F mutation and is transcriptionally regulated by 
JAK2-STAT5 pathway to promote the erythroblast expansion and survival, and hence 
involved in the pathogenesis of erythrocytosis (Fig. 5) [20]. Therefore, ID1 expression 

Fig. 5  The mechanisms of ID1 involved in regulating physiological hematopoiesis and hematologic disorders 
in the bone marrow microenvironment. In the physiological bone marrow niche, proper expressions of ID1 
in hematopoietic cells and stromal cells (including sinusoidal endothelial cells and osteoclasts) maintain 
hematopoietic homeostasis (in the grey background). In hematologic disorders, including multiple myeloma 
(MM), acute lymphoblastic leukemia (ALL), and acute myeloid leukemia (AML), aberrant ID1 overexpression 
induced by multiple pathogenic actors, including fusion proteins, cytokines, oncogenic kinases, 
ubiquitination, and oncogenic signaling pathways, can promote malignant transformation by regulating cell 
cycle, apoptosis, and invasion (in the pink background). HSPC: hematopoietic stem and progenitor cell; LSC: 
leukemia stem cell; MSC: mesenchymal stem cell; T-ALL: T cell ALL; B-ALL: B cell ALL
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may exert a broad malignant transformation role in other hematologic disorders 
besides leukemia.

Discussion and perspectives
These well-established models for studying ID1’s role in the hematopoietic system have led to 
several key conclusions. First, in ESCs and iPSCs, ID1 exhibits dynamic expression, increas-
ing during hemogenic specification but declining upon lineage commitment. ID1 acts as a 
direct negative regulator of hemogenic precursor transition to the hematopoietic lineage in 
ESCs and iPSCs, and helps maintain self-renewal and inhibit differentiation of ESCs (Fig. 2). 
Second, in HSCs and their immediate progeny, ID1 expression peaks in the most primitive 
LSK cells and declines along with the progression of differentiation and increasing maturity 
in hematopoietic cells, but is turned back on in GMPs and subsequent myeloid lineage cells 
(Fig. 2). Third, ID1 is widely expressed in hematopoietic and stromal cells in the BM niche, 
and regulates hematopoietic homeostasis. ID1 is pivotal for tri-lineage development and 
orchestrating progenitor cell fate between myeloid and lymphoid lineages. ID1 overexpres-
sion in HSPCs drives myeloid development at the expense of erythroid and lymphoid forma-
tion and even immortalizes myeloid progenitors. ID1-deficient BM microenvironment fails 
to support proper hematopoietic development (Fig. 5). In addition, ID1 functions as an onco-
gene in the context of leukemia. Its aberrant overexpression correlates with poor clinical out-
comes by driving malignant proliferation, invasion, and therapy resistance in leukemic cells 
(Fig. 5). Given these multi-roles, ID1 emerges as a promising therapeutic target for differentia-
tion therapy in hematologic disorders.

Small-molecule inhibitors represent promising anticancer agents in development, 
offering broader clinical applicability than gene editing and serving as an alternative 
strategy for knocking down ID1 protein. Drugs targeting ID1 proteins must be selec-
tive for the ID1-bHLH interaction and do not affect bHLH dimerization. However, 
targeting nuclear protein–protein interactions, such as those between ID1 and HLH 
transcription factors, remains a formidable challenge for small-molecule drug devel-
opment. The systemic delivery of an antisense molecule to ID1, peptide conjugate 
antisense oligonucleotide (ID1-PCAO), can effectively reduce ID1 protein levels in 
tumor endothelium to inhibit primary tumor growth and metastatic spread of lung 
cancer and breast cancer. However, ID1-PCAO has not yet been adapted to penetrate 
myeloid cells and has failed to be used for AML therapy [76, 86]. ID1 inhibitor CBD, a 
cannabinoid with a low toxicity profile, can downregulate ID1 expression and exhibit 
effective antileukemic outcomes. Unfortunately, CBD is a controlled substance and 
difficult to obtain, which limits its application. Given that ID1 promotes AKT1 phos-
phorylation through its C-terminal region without disrupting its interaction with 
bHLH, combined targeting of ID1 and AKT1 might be a promising therapeutic strat-
egy for leukemia [76]. Recently, various novel inhibitors of USP1 with satisfactory 
anti-tumor benefits have been developed to induce ID1 degradation, cellular differen-
tiation, and apoptosis in leukemic cells. Notably, a specific USP1 inhibitor, Pimozide, 
a US FDA-approved antipsychotic drug, exhibits potent anticancer effects in preclini-
cal models of AML, T cell leukemia, and diffuse large B cell lymphoma, with minimal 
toxicity [76, 87, 88]. A recent study reported that trametinib-induced ID1 reduction 
helps create a less immunosuppressive tumor microenvironment and promotes the 
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synergistic effect of trametinib combined with PD-1/PD-L1 blockade in lung adeno-
carcinoma, suggesting trametinib as a therapeutic alternative to target ID1 directly 
[89]. Similarly, ID1 expression participates in forming the BM immunosuppressive 
microenvironment in patients with ALL, indicating its potential as a target for novel 
immunotherapeutic combinations [67]. Despite these advances, translating ID1-tar-
geted therapies into clinical practice will require substantial further research.
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