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Editorial on the Research Topic

Molecular switches of the immune system: The E protein/Id axis in
hematopoietic development and function
This Frontiers in Immunology Research Topic is composed by a set of review and

original articles, all highlighting the roles of E-proteins in hematopoiesis.

The first evidence for a role of E-box binding (E) proteins in the immune system

came from the identification of protein bound “E-boxes” in regulatory elements at the

immunoglobulin locus (1, 2). The subsequent identification of these DNA binding

proteins (3) revealed amino-acid homology to MyoD as well as Myc (3, 4), and created

the foundation for a new research area in molecular immunology. The complexity of the

regulatory networks involving these “basic-helix-loop-helix” (bHLH) transcription

factors became obvious, as both broadly expressed and tissue specific family members

became identified (4). These proteins are able to form homo- as well as hetero-dimeric

complexes targeting E-boxes in transcription regulatory elements of both ubiquitously

expressed and tissue restricted genes (4–6). Among the broadly expressed prot*ins are

E12, E47 [both encoded by the E2A gene (TCF3) (3)], HEB (TCF12) (7) and E2-2 (TCF4)

(8), that due to their overlapping activities and dimerization patterns have been denoted

as E proteins [Reviewed in (9)]. In aggregate, E proteins display a high degree of

redundancy, and it has been proposed that functional dose, rather than expression of any

specific protein, controls developmental trajectories in hematopoiesis (10–13).

The complexity of the E protein regulatory network increased with the identification of

Inhibitor of DNA binding (ID) proteins (14). The ID proteins harbor the HLH domain
frontiersin.org01
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needed for dimerization with E proteins but lack the DNA binding

basic domain (b), creating a complex that is unable to bind the

target DNA elements in the genome. Thus, ID proteins are

powerful functional inhibitors of bHLH protein activity with

important roles in hematopoiesis. This Research Topic includes a

review article describing our current understanding of the function

of ID proteins blood cell development (Singh et al.). The authors

describe what has been learned from gain and loss of function

experiments and provide insight into the intricate interplay

between the different E and ID proteins in hematopoiesis.

The importance of E proteins in lymphocyte development

was revealed by the targeted inactivation of the E47/E12

encoding E2A. These studies revealed a critical requirement for

these E proteins at the earliest stages of lymphocyte development

(15–18). This Research Topic contains a review by Aubrey et al.

detailing how the complex interplay between E and ID proteins

drive developmental trajectories in lymphopoiesis. The article

provides a molecular insight to the mechanisms by which E

proteins drive lymphoid lineage differentiation and control

antigen receptor recombination to generate a functional B and

T lymphocytes. An original research contribution by Roels et al.

focuses on a multi-omics analysis resolving the functions of E

proteins in human T-cell development. This work not only

provides us with insight into the evolution of the immune

system but also provides information that can be explored to

better understand the role of E proteins in leukemia.

The E protein/ID protein axis is also of importance for the

formation of innate lymphoid cells (ILCs) (19–25). Our current

understanding of the interplay between E and ID proteins in

commitment to the T lymphocyte and ILC fates is the focus of the

review article by Pankow and Sun presented in this Research

Topic. The role of E proteins in T cell development is complex

with functional importance in early development (26, 27) as well as

in the generation of effector populations in the adaptive immune

response (28, 29). The article by Hidaka et al highlights this

complexity by reviewing the role of E and ID proteins in early T

cell development as well as in the generation of regulatory T cells.

Not only TCF3 (E2A) but also TCF12 (HEB) is reported to be

of essential importance for normal T-cell development (30, 31). The

use of alternative Tcf12 transcriptional start sites and alternative

splicing of the transcript results in the generation of HEBCan and

HEBAlt proteins. Of note, the HEBAlt protein harbors a unique N-

terminal domain as compared to theHEBCan protein, and has been

reported to act as a driver of early T-cell development (32, 33). In

this Research Topic, an original article by Yoganathan et al. reveals

that a YYY motif in the HEBAlt specific region of the protein is

targeted by Janus Kinase activity. This work proposes a direct

connection between E protein function and extracellular signaling

events in T-cell development. Janus kinase activity is not the only

signaling pathway that is functionally integrated into the E protein/

ID protein axis. The review by Hwang et al. explores the signaling

networks involving E- and ID proteins that control the

development of T-cells as well as T-cell activation.
Frontiers in Immunology 02
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Among the functionally integrated signaling pathways, Notch

signaling is of special interest as it is both a driver of T-cell

development (34, 35) and has an important role in T-cell

transformation (36, 37). Notch signaling has been reported to

result in the targeting of E proteins for degradation (38, 39)

suggesting that E protein dose may be directly linked to

malignant transformation. The original article by Veiga et al.

reports the analysis of a set of most elegant complementary T

lymphocyte acute lymphoblastic leukemia (T-ALL) models

revealing a unique role for TCF12 in malignant transformation.

Loss and gain of function experiments provide evidence showing

that a reduced TCF12 dose is redundant to NOTCH activation in

the transformation process. This would indicate that targeting of

TCF12 by NOTCH signaling is a major contributor to the

powerful oncogenic activity exerted by NOTCH in T-ALL. In a

second original article in this Research Topic, Carr et al., tested

the requirements for the HMG-transcription factor LEF1, a factor

previously proposed to be a component of the regulatory network

involving E proteins and Notch1, in T-ALL (40). Here, they

revealed that E protein deficiency promotes leukemia through

adaptive mechanisms involving LEF1 addiction or independence,

based on the status of LEF1 expression at the time of

transformation. These papers stress the complexity by which E

proteins contribute to malignant transformation, the subject of

the review article by Parriott et al.. This article discusses the

mechanism by which E proteins directly contribute to malignant

transformation as the targets of the oncogenic bHLH proteins

TAL1 and LYL1 that are overexpressed in mouse and human

T-ALL.

We believe that the articles presented within the frame of

this Research Topic provide timely and novel knowledge, and

serve as a valuable source of information for investigators in

molecular and developmental immunology.
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T lymphocyte acute lymphoblastic leukemia (T-ALL) is a heterogeneous disease affecting
T cells at multiple stages of their development and is characterized by frequent genomic
alterations. The transcription factor LEF1 is inactivated through mutation in a subset of
T-ALL cases but elevated LEF1 expression and activating mutations have also been
identified in this disease. Here we show, in a murine model of T-ALL arising due to E2a
inactivation, that the developmental timing of Lef1 mutation impacts its ability to function
as a cooperative tumor suppressor or oncogene. T cell transformation in the presence of
LEF1 allows leukemic cells to become addicted to its presence. In contrast, deletion prior
to transformation both accelerates leukemogenesis and results in leukemic cells with
altered expression of genes controlling receptor-signaling pathways. Our data
demonstrate that the developmental timing of Lef1 mutations impact its apparent
oncogenic or tumor suppressive characteristics and demonstrate the utility of mouse
models for understanding the cooperation and consequence of mutational order
in leukemogenesis.

Keywords: E2a, Lef1, leukemia, thymus, lymphocyte
INTRODUCTION

T acute lymphoblastic leukemia (T-ALL) is an aggressive malignancy that accounts for
approximately 10-15% of pediatric and 25% of adult leukemia (1). This disease arises in
thymocytes leading to an enlarged thymus and respiratory distress; however, leukemic cells can
disseminate through the blood and infiltrate tissues. Treatment involves intensive chemotherapy
but 25% of pediatric cases and nearly 50% of adult cases show therapy resistance or relapse within 5
years (1). T-ALL is a consequence of transformation of cells at multiple stages of T cell
differentiation (2, 3) and distinct subsets of T-ALL can be identified by their unique gene
org March 2022 | Volume 13 | Article 84548818
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expression signatures, genetic alterations, and response
to therapy (1, 4, 5). Recent analysis further highlights that
clonal evolution and progressive mutation contribute to
disease evolution but much remains to be learned about the
consequences of individual mutations and mutational order on
transformation (6). Understanding the molecular pathogenesis
of T-ALL is crucial for the improved development of prognostic
markers and tailored therapeutic approaches.

The most broadly occurring mutations in T-ALL affect
the Notch signaling pathway. Mutations in the NOTCH1
gene occur in > 60% of cases (7). Mutations occur within the
heterodimerization domain, resulting in ligand independent
activation, and the intracellular PEST domain, resulting in
stabilization of the transcriptionally active form (intracellular
Notch1/ICN). In another 15% of T-ALL, mutations occur
in FBXW7, which encodes an ubiquitin ligase involved in the
PEST-domain dependent degradation of ICN (8–10). Further,
epigenetic alterations affecting the Notch1 gene impact the site of
transcription initiation and splicing and result in ligand
independent activation (11–13). Consistent with the oncogenic
role of Notch1, ectopic expression of constitutively active forms
of Notch1 in mouse T cell progenitors leads to their
transformation (14).

Activation of the TAL1 and LYL1 genes is also associated with
subsets of T-ALL (4). Tal1 and Lyl1 are basic helix-loop-helix
proteins that bind DNA in association with the E protein
transcription factors (15), which are critical for T cell
development (16). While Tal1:E protein and Lyl1:E protein
dimers have targets implicated in T-ALL (17–21), their ability
to inhibit E protein homodimer formation is sufficient to
promote T cell transformation as revealed by the development
of T-ALL like disease in E2a-/- mice and in mice ectopically
expressing inhibitors of E protein DNA binding (22–25). E2a-/-

leukemias are characterized by recurrent mutations in the
Notch1 PEST domain and altered Notch1 splicing and
transcription initiation leading to ligand independence (11, 26).

A critical target of Notch1 in many cases of T-ALL is c-myc
(27–29). However, in E2a-/- leukemias Notch1 signaling is
essential but it regulates expression of Lef1, encoding a TCF1-
related transcription factor that is an effector of the Wnt
signaling pathway (26, 30, 31). LEF1 appears essential for the
survival of E2a-/- leukemias since siRNA-mediated knockdown
of Lef1 causes cell cycle arrest and the death of leukemias in vitro
(30). Other murine models of T-ALL, including those arising in
Tcf7-/- and Ikzf1-/- mice also show increased expression of Lef1
(32, 33). Recently, a study of childhood ALL, including 28
patients with T-ALL, revealed a positive prognostic value to
high LEF1 expression and a second study confirmed this for
specific LEF1 isoforms (34, 35). However, in a study of adult T-
ALL, 25% of patients had elevated expression of LEF1 that was
associated with a poor prognosis (36). In 4 patients, mutations in
LEF1 (K86E and P106L) were found to augment the
transcriptional capacity of LEF1. In contrast to these findings
of increased LEF1 expression or function, a subset of human T-
ALL (18-27%) have inactivating mutations within the LEF1 gene
(5, 37). These observations suggest that LEF1 can function as
Frontiers in Immunology | www.frontiersin.org 29
both a pro- and anti-leukemia factor but a molecular
understanding of the basis for these distinct functions is
currently unknown.

To gain insight into the role of LEF1 in T-ALL we investigated
its requirement in the generation of E2a-/- T cell leukemias. We
demonstrate that E2a-/- leukemias that arose in mice sufficient
for LEF1 became dependent on this transcription factor for their
survival. However, deletion of Lef1 prior to T cell transformation
resulted in significant alterations in T cell development and a
reduced latency to leukemic morbidity. Leukemic cells arising in
the latter context resembled E2a-/- leukemias in that they had
mutations in Notch1 and dependence on the Notch signaling
pathway as well as frequent trisomy of chromosome 15, and
hence increased c-myc expression. However, they differed from
E2a-/- leukemias in that they had a CD4loCD8lo phenotype with
increased peripheral cell numbers at the time of sacrifice. Cell
lines generated from these leukemias reveal differences in
expression of multiple genes associated with monocarboxylic
transport and hedgehog signaling that could also impact T cell
receptor signaling. Our study describes novel models for
studying LEF1 function in T-ALL and indicate that LEF1 is
a modulator of leukemic transformation providing both
addictive and inhibitory functions depending on its availability
during transformation.
METHODS AND MATERIALS

Mice
Mice were backcrossed onto an FvB/NJ background for at least 8
generations. All experiments were performed in compliance with
the University of Chicago Institutional Animal Care and Use
Committee. E2a-/-, Lef1f/f, and Lck-Cre mice and genotyping
protocols were described previously (38). FvBn/J mice and Lck-
Cre mice were purchased from the Jackson Laboratory.

Flow Cytometry
Thymocytes or splenocytes were dissected and dispersed using
frosted glass slides followed by filtration through a 100 mM cell
strainer. Cells were stained at a concentration of 2 x 107 cells/ml
in FACS buffer (PBS + 5% FCS +.02% azide) after incubation
with FcBlock. Intracellular staining was performed using the
FoxP3/Transcription Factor Staining Kit. Antibodies were
purchased from BioLegend, eBiosciences or Fischer Scientific
and specific antibody clones and fluorochromes are available
upon request. Antibodies used: Lef1, CD4, CD8, CD117,
CD25, CD44, TCRb, CD11b, CD11c, DX5, B220, Gr1. Data
was acquired on an LSRII or Fortessa and analyzed using
FlowJo (TreeStar).

Cell Lines
Leukemia cell lines were generated by culturing thymic cells from
moribund mice in OPTI-MEM media containing 10% FCS, 2-
mercaptoethanol and Pen/Strep/Glu for greater than 2 weeks. All
established lines were frozen in 5% DMSO/50%FCS in liquid
nitrogen for long term storage.
March 2022 | Volume 13 | Article 845488
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In Vitro Culture
OP9-DL1 stromal cells were maintained in OPTI-MEM and
plated 1 day before used to achieve a near confluent monolayer of
cells. Multipotent progenitors were isolated as Ter119-Gr1- cells
from e13 fetal liver and cultured on OP9-DL1 in the presence of
5 ng/ml Flt3 ligand, IL-7 and CD117 ligand.

Retroviral Transduction
The retroviral vectors MigR1, MigR1-Cre, MigR1-DNMAML
were described previously (39). Retroviral plasmid DNA was
isolated using CsCl. Retroviral supernatants were produced by
transfecting plasmid DNA into Phoenix cells using Ca2PO4

precipitation and cells were transduced with retrovirus as
previously described (40).

RNA Extraction, Microarray, Sequencing
and Analysis
RNA was extracted using Trizol Reagent. For microarray
analysis, RNA was converted to cDNA that was used to probe
Affymetrix MOE 430_2 arrays as previously described (41). Raw
array data were normalized with RMAexpress (http://
rmaexpress.bmbolstad.com/) and analyzed by dChip (http://
www.biostat.harvard.edu/complab/dchip/). Probe set
annotation was obtained from Affymetrix. For RNA-seq
analysis, RNA was sequenced on a Next-Seq500 and analyzed
as described (42). Raw sequence reads were trimmed using
Trimmomatic v0.33 (TRAILING:30 MINLEN:20) and then
aligned to mouse genome assembly mm10 with TopHat v
2.1.0. Reads were assigned to genes using the htseq-count tool
from HTSeq v 0.6.1 and gene annotations from Ensembl release
78. The R package EdgeR was used to normalize the gene counts
and to calculate differential expression statistics for each gene for
each pairwise comparison of sample groups. Metascape analysis
was performed on differential gene expression lists (https://
metascape.org) (43). Genes were considered differentially
expressed at Log2FC with an adj. p-valule of <0.01.

Quantitative PCR
RNA was reverse transcribed with Superscript III (Invitrogen).
Quantitative RT-PCR was performed in an iCycler (Bio-Rad
Laboratories) with SYBR Green (Bio-Rad Laboratories).
Expression values were normalized to Hprt and were calculated
by the DCT method. Primer sequences are available on request.

Spectral Karyotyping Analysis
To characterize the cytogentic pattern of T cell leukemias from
E2a-/-Lef1 D/D mice, SKY analysis was performed using the ASI
SkyPaintTM assay for mouse chromosomes as described
previously (44) on cell lines or fresh leukemic cells from
moribund mice with leukemia (10 metaphase cells were
analyzed per case). Karyotype results are in Table S2.

Western Blot
Total protein extracts were prepared and analyzed by Western
blot analysis as described previously (30). Primary antibodies
used were anti-Notch1 antibody (V1744) reactive with the
Frontiers in Immunology | www.frontiersin.org 310
cleaved cytoplasmic domain (Cell Signaling Technology) and
anti-actin (Abcam).

Data Sharing Statement
For original data please contact bkee@bsd.uchicago.edu. RNA-
sequencing data can be accessed in the Gene Expression Omnibus
under GSE186420. Microarray data is under GSE196391.
RESULTS

LEF1 Is Required for the Survival of E2A-
Deficient T Cell Leukemias
Our previous studies revealed that Notch1 is mutated in E2a-/- T
cell leukemias and required for their survival (26). We identified
Lef1 as a target of the Notch pathway in these cells and
demonstrated that siRNA directed against Lef1 reduced the
viability of these leukemic cells (30). Here, using flow
cytometry, we found that LEF1 and TCF1 protein are detected
in E2a-/- leukemias and that LEF1, but not TCF1, was reduced
after treatment of cells with a g-secretase inhibitor, which
antagonizes Notch signaling (Figures 1A, B). To rigorously
demonstrate that LEF1 was required for growth of these
leukemias, we created E2a-/- mice that were homozygous for
alleles of Lef1 with loxp sites flanking the DNA binding domain
(32). We generated 2 lines from the leukemias arising in these
mice and used a retrovirus producing Cre to delete the DNA
binding domain of LEF1 (Figure 1C). The retrovirus produced
GFP in addition to Cre and therefore we could track Cre
expressing cells by their expression of GFP (Figure 1C, D).
LEF1 was lost from a subset of cells after transduction with
MigR1-Cre and the frequency of LEF1 negative cells mirrored
the frequency of GFP+ cells (Figure 1D). QPCR analysis of
sorted GFP+ cells from MigR1 or MigR1-Cre transduced cells
revealed decreased Lef1 mRNA after transduction of E2a-/-Lef1f/f

but not E2a-/- leukemias with MigR1-Cre (Figure 1E). We
tracked the fate of cells with deletion of Lef1 by following the
frequency of GFP+ cells. GFP+ cells in MigR1-Cre expressing
E2a-/-Lef1f/f cells declined steadily over time consistent with the
loss of cells that lacked LEF1 (Figure 1F). An E2a-/- leukemia line
that was heterozygous for the Lef1f allele (E2a-/-Lef1f/+) and
transduced wi th MigR1-Cre a l so showed reduced
representation of GFP+ cells with time in culture, although not
to the degree of E2A-/-Lef1f/f leukemias (Figure 1F). In contrast,
the same cell lines transduced with MigR1, which does not
promote deletion of Lef1, demonstrated a stable frequency of
GFP+ cells over time (Figures 1D–F). Similarly, E2a-/- lines
transduced with either MigR1 or MigR1-Cre showed stable
GFP expression (Figure 1F). To further examine the impact of
LEF1-deletion on these leukemic cells, we analyzed the
transcriptome of GFP+ cells 72 hours after transduction with
MigR1 or MigR1-Cre. We found decreased expression of
multiple signaling-associate genes (Id3, Syk, Sgk, Rasgrp1) and
increased expression of Cdkn1a, encoding the cell cycle inhibitor
p21 (Figure 1G and Table S1). The increased expression of p21
could contribute to the reduced expansion of LEF1-deleted
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leukemias. These data demonstrate that LEF1 is required for the
maintenance of E2a-/- T cell leukemia lines in vitro and are
consistent with our previous studies using Lef1 siRNA (30).

LEF1 Is Increased in E2a-/- DN3
Thymocytes and Promotes Their
Differentiation
To determine whether the increased expression of LEF1 occurs
in pre-leukemic mice, we examined the Lineage- population of
the thymus for expression of LEF1. As expected, there were fewer
DN3 thymocytes in E2a-/- mice compared to control with an
increased frequency of CD117loCD25int cells, previously shown
to be innate lymphoid cells (Figure 2A) (45, 46). The E2a-/- DN3
cells expressed substantially more LEF1 than control DN3
thymocytes (Figure 2B). By qRT-PCR we found increased
expression of Lef1 mRNA in E2a-/- DN3 thymocytes
(Figure 2C). DN3 thymocytes fail to develop from E2a-/-

multipotent progenitors cultured in vitro on OP9-DL1 (45, 47),
indicating that these cells are compromised with respect to T cell
differentiation. To determine whether LEF1 might provide an
advantage to these cells, we used a retrovirus to force multipotent
Frontiers in Immunology | www.frontiersin.org 411
progenitor (MPP) cells to ectopically express LEF1. E2a-/- MPPs
transduced with the MigR1 retrovirus, which produce GFP only,
failed to generate DN3 cells in vitro, as expected (Figures 2D, E).
In contrast, E2a-/- MPPs transduced with LEF1 producing
retrovirus generated DN3 cells and an increased frequency of
DN2 cells. Notably, even control MPPs transduced with LEF1
producing retrovirus showed increased generation of DN2 and
DN3 cells (Figures 2D, E). This propensity to promote
differentiation of control and E2a-/- MPPs was not dependent
on the presence of the b-catenin interaction domain (CAT) as a
retrovirus producing a mutant form of LEF1 lacking the CAT
domain also supported differentiation (Figures 2D, E). These
data lead us to hypothesize that the increased expression of LEF1
in E2a-/- DN3 thymocytes aids in their differentiation from more
immature progenitors and that LEF1’s essential functions are
independent of its interaction with b-catenin.

T Cell Specific Deletion of Lef1 in E2a-/-

Mice Abrogates DN3 Development
To test the hypothesis that LEF1 is essential for the development
of E2a-/- DN3 cells and for leukemic transformation,
A B

D E

F G

C

FIGURE 1 | LEF1 is required for the survival of established E2a-/- T cell leukemias. (A) Flow cytometry for LEF1 (left) or TCF1 (right) in an E2a-/- T cell leukemia line
treated with DMSO (grey) or the Notch1 inhibitor GSI (black). Shaded histograms are isotype control stainings. n = 4 (B) Summary of the MFI for LEF1 or TCF1 in
multiple E2a-/- leukemia lines. *p < 0.05, Students t-test. (C) Schematic representation of experiment to inactivate Lef1 in E2a-/-Lef1f/f T cell leukemias. (D)
Expression of GFP (left) or LEF1 (right) in E2a-/-Lef1f/f leukemias transduced with MigR1-Cre (black). For LEF1 staining, MigR1 transduced cells (grey) and isotype
controls (shaded histograms) are also shown. (E) qRT-PCR analysis for Lef1 mRNA in GFP+ cells isolated from E2a-/- leukemias with Lef1f/f or Lef1+/+ 96 hours after
transduction with MigR1 or MigR1-Cre. Error bars represent standard deviation. (F) The relative percent of GFP expressing cells with time in culture after retroviral
transduction of E2a-/-Lef1+/+, E2a-/-Lef1f/+ or E2a-/-Lef1f/f leukemias with MigR1 or MigR1-Cre retrovirus. Data are representative of n = 4 (A, B), n = 2 (D, E) and
n = 3 (F) experiments. ***p < 0.005. Students t-test on E2a-/-Lef1F/F and E2a-/-Lef1F/+ compared to E2a-/-Lef1+/+ leukemias at t = 168 hours. (G) RNA from a GFP+

E2A-/-Lef1F/F leukemia transduced with MigR1 or MigR1-Cre was analyzed at t = 72 hours by microarray. The graph depicts the FC between MigR1 and MigR1-Cre
transduced cells for selected genes and 95% confidence.
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we generated Lck-Cre E2a-/-Lef1f/f mice, which express Cre
starting at the DN2 stage. Lck-Cre+ E2a-/-Lef1f/f mice (DKO)
and E2a-/- mice had similar numbers of thymocytes and Lineage-

thymocytes (Figures 3A–C). However, the Lineage- population
of DKO mice showed a reduced frequency of DN3 thymocytes
(Figures 3B, D). The number of DN3 thymocytes was also
significantly decreased in DKO compared to E2a-/- mice
(Figure 3E). In contrast Lck-Cre+ Lef1f/f (Lef1D/D) mice had
thymocyte and Lineage- thymocyte numbers, as well as DN3
frequencies that were similar to Control mice (Figure 3D),
indicating that Lef1 deletion did not have a major impact on
these cells.

Since the number of thymocytes was similar in E2a-/- and
DKO mice we examined the phenotype of more mature
thymocytes. As previously reported, E2a-/- thymocytes had a
reduced frequency of CD4+CD8+ (DP) thymocytes with an
increased frequency of CD4+ and CD8+ cells. The CD4 by
CD8 profile of DKO thymocytes revealed a slightly increased
frequency of CD4+CD8+ (DP) cells and a decreased frequency of
CD4+ of CD8+ single positive thymocytes compared to E2a-/-

mice (Figure 4A). E2a-/- mice also have an increased frequency
of TCRb+ thymocytes, although the number of these cells is
lower than in Ctrl mice (Figures 4A, B). The frequency and
number of TCRb+ cells was reduced in DKO mice compared to
E2a-/- mice, although it was still higher than in Ctrl or Lef1D/D

mice (Figures 4A, B). These data suggest that deletion of LEF1
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had a subtle but significant impact on the differentiation of
thymocytes in the absence of E2a. Interestingly, a substantial
portion of DKO Lineage+ thymocytes, which are primarily DP
cells, expressed CD25 (Figures 4C, D). The frequency of
Lineage+CD25+ cells was also higher in E2a-/- thymocytes than
in Ctrl or Lef1D/D thymocytes but was not significantly elevated in
number (Figures 4C, D). Indeed, a direct comparison of DP
thymocytes revealed a substantial increase CD25 on DKO
compared to E2a-/- thymocytes (Figure 4E). Given that CD25
is a known Notch1 target gene (48), we tested the hypothesis that
Notch1 was expressed in DP thymocytes from DKO mice. By
QPCR analysis we observed mRNA for Notch1 and the Notch1
target gene Nrarp in DP thymocytes from DKO but not E2a-/- or
Ctrl mice (Figure 4F). These data indicate that Notch1 is
activated in DKO DP thymocytes.

DKO Mice Develop T Cell Leukemia With
Reduced Latency
To determine whether deletion of Lef1 impacted the
transformation potential of E2a-/- thymocytes, we allowed the
mice to age and monitored them for signs of leukemia.
Surprisingly, DKO mice became moribund with an average
latency of 100 days (range 80-130 days) whereas the average
latency for E2a-/- mice was 130 days (range 100-170 days), and
notably, all mice that we followed developed disease (Figure 5A).
At sacrifice, leukemia was confirmed by counting thymocyte
A B

D E

C

FIGURE 2 | LEF1 is highly expressed in E2a-/- DN3 cells and promotes their development from MPPs. (A) Flow cytometry showing CD117 and CD25 on Lineage-

(CD4, CD8, CD11b, Ter119) thymocytes from Ctrl (left) and E2a-/- (right) mice at 5 weeks of age. (B) LEF1 expression in DN3 thymocytes from Ctrl (grey) and E2a-/-

(black) mice. (C) Summary of Lef1 mRNA relative to Hprt mRNA in Ctrl (grey) and E2a-/- (black) DN3 thymocytes. Data are representative of mice at 5-6 weeks
of age. **p < 0.01 Student’s t-test. (D) Flow cytometry of MPPs isolated from Ctrl (top) or E2a-/- (bottom) embryos (16 days p.c.) cultured in vitro for 10 days after
retroviral transduction with MigR1 (GFP), MigR1-LEF1 or MigR1-LEF1DCAT. Data are gated on GFP+ cells. (E) Summary of the %DN3 cells in the Lineage- population
of MPPs cultured in vitro as in (D) from the indicated strains. Data are representative of (A, B) n = 3, (C) n = 2, (D, E) n = 4-6 experiments. *p < 0.05, **p < 0.01 and
***p < 0.005 ANOVA.
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numbers and by flow cytometry of multiple tissues. Cell numbers
were similar in the thymus of moribund E2a-/- or DKO mice,
although the range was greater for the DKO cells (Figure 5B).
However, splenic lymphocyte numbers were elevated in the
moribund DKO as compared to E2a-/- mice (Figure 5C).
Primary leukemic cells in DKO mice were frequently low for
CD4 and CD8 whereas E2a-/- leukemias were CD4hiCD8hi or
contained SP cells (Figures 5D, E). The DKO leukemias also
expressed CD25 without CD44, a phenotype that is distinct from
that of the majority of E2a-/- leukemias (Figure 5E). Taken
together, these data demonstrate that, despite the reduced
number of DN3 cells, DKO mice developed T cell leukemia
with reduced latency compared to E2a-/- mice and these
leukemias had a distinct surface receptor phenotype.

DKO Leukemias Have Notch1 Mutations
and Require Notch Signaling
E2a-/- leukemias have mutations in the Notch1 gene and they are
dependent on Notch signaling for their survival (26). To
determine whether DKO leukemias also had mutations in the
Notch1 gene, we PCR amplified the 3’ portion of Notch1 and
performed sequencing on 3 DKO cell lines that we established in
culture. Notably, we found insertions that resulted in out of
frame translation of the PEST domain of Notch1 in all of the
DKO lines (Figure 6A). These mutations are predicted to
Frontiers in Immunology | www.frontiersin.org 613
stabilize ICN1 and, indeed, ICN1 protein could be detected in
these leukemias by western blot analysis (Figure 6B). To
determine whether these leukemias were dependent on Notch1
signaling we used retroviral transduction to ectopically express a
dominant negative version of the Notch1 co-activator MAML in
these cells (39). The frequency of cells expressing DN-MAML,
identified by their expression of GFP, declined over time in
culture regardless of whether they were E2a-/- or DKO leukemias
(Figure 6C). In contrast, the frequency of GFP+ cells remained
stable in cultures transduced with the control MigR1 retrovirus
(Figure 6C). Cytogenetic analysis using spectral karyotyping of
three DKO primary leukemias revealed trisomy for chromosome
15 containing the c-Myc locus, a feature that is also observed in
E2a-/- leukemias (Figures 6C, D and Table S2) (24). Consistent
with this observation, E2a-/- and DKO cell lines had similar levels
of c-MycmRNA (Figure 6E). These data demonstrate that DKO
leukemias, like E2a-/- leukemias, required Notch signaling for
their survival and had mutations impacting the stability of ICN1
expression of c-Myc.

DKO Leukemias Have an Altered
Transcriptome Implicating Monocarboxylic
Acid Transport and Hedgehog Signaling
To gain further insight into the differences between E2a-/- and
DKO leukemias we performed RNA-sequencing on multiple
A
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E

C

FIGURE 3 | T cell specific deletion of Lef1 from E2a-/- mice does not impact thymocyte numbers but results in a loss of DN3 cells. (A) Total thymocyte numbers
from mice of the indicated genotype. ****p < 0.001, Anova for multiple comparisons. (B) Flow cytometry showing Lineage markers (CD8, TCRb, TCRgd, CD11b,
CD11c, NK1.1) and CD117 and the gating strategy for Lin- cells. (C) Lin- thymocyte numbers in mice of the indicated genotypes. (D) Flow cytometry showing CD25
and CD117 on Lin- thymocytes. (E) Summary of DN3 thymocyte numbers in mice of the indicated genotypes. Data is representative on more than 8 experiments
*p < 0.05, Students t-test. Mice were between 5-7 weeks of age.
March 2022 | Volume 13 | Article 845488

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Carr et al. LEF1 in E2a-/- T Cell Leukemia
E2a-/- and DKO leukemia lines. There was a large amount of
variation in the gene programs of these leukemias but they were
resolved into distinct populations by principle component
analysis through PC1 and PC3 (Table S3 and Figure 7A). We
identified 89 genes that were generally decreased in DKO as
compared to the E2a-/- lines and 70 genes that were increased
(Log2FC, adj. p-value <0.01) (Figure 7B). Tcf7 mRNA appeared
to be increased in DKO leukemias but TCF1 protein, unlike
LEF1 protein, was expressed similarly in E2a-/- and DKO lines
when evaluated by flow cytometry (Figure S1). Analysis of the
differentially expressed genes by Metascape revealed that the
genes that decreased in the DKO leukemias were enriched for
genes involved in IL-4 production whereas those that increased
were enriched for genes in the monocarboxylic acid transport
(MCT) and the Hedgehog signaling pathways (Figures 7C, D).
Genes in the MCT pathway included Fabp5, Pla2g12a, Syk and
Hoxa13 (Figures 7B, E). Genes in the Hedgehog signaling
Frontiers in Immunology | www.frontiersin.org 714
pathway included Axin2, Cdkn1a, Prkch and Rasgrp1
(Figures 7B, F). Taken together, these data indicate that DKO
and E2a-/- leukemia lines share many common gene expression
features but differ in a few key genes that could impact their
metabolic requirements or response to external signals.
DISCUSSION

Over the past 10 years, analysis of gene expression and mutations
in T-ALL have revealed both positive and negative associations
with LEF1 (34, 36, 37). Here, we investigated the role of LEF1 in
T cell transformation in a murine model of T-ALL. We used
conditional alleles of Lef1 in E2a-/- T lymphocytes, that were
deleted either before or after leukemic transformation and found
that LEF1 can function as either an oncogene or a tumor
suppressor depending on the context in which it is deleted.
A
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C

FIGURE 4 | LEF1 restrains expression of CD25, Notch1, and Nrarp in E2a-/- CD4+CD8+ thymocytes. (A) Flow cytometry showing CD4 and CD8 (top) or TCRb
(bottom) on thymocytes from mice of the indicated genotype. (B) Summary of the number of TCRb+ thymocytes in the indicated strains. (C) Flow cytometry showing
expression of CD4 and CD8 (* indicates CD11b, CD11c, CD3e were also in this panel) and CD25. *p < 0.05, Student’s t-test. (D) Total number of
CD4+CD8+*CD25+ cells in mice of the indicated genotype. **p < 0.01, Student’s t-test. (E) Flow cytometry of CD25 on CD4+CD8+ thymocytes from WT (shaded),
E2a-/- (grey) and DKO (black) mice. (F) qRT-PCR for Notch1 and Nrarp on sorted CD4+CD8+ thymocytes from mice of the indicated genotype. Data is representative
of >6 mice (A-D) or 2 experiments (E, F). Mice were 5-7 weeks of age.
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When LEF1 is present during the transformation process,
leukemias can become addicted to its presence. In contrast,
when Lef1 is deleted prior to transformation, early T cell
development is altered and there is a more rapid onset of
leukemogenesis. We note that leukemias arising in DKO mice
had some of the characteristics of human T-ALL with LEF1
inactivating mutations including mutations in the Notch1
signaling pathway and gain of chromosome 15 (37), although
these characteristics are shared with E2a-/- leukemias (24, 26).
However, DKO leukemias had a more a rapid onset than E2a-/-

leukemias mirroring the early development of T-ALL with Lef1
inactivating mutations (37). In addition to providing insight into
how LEF1 can be both a positive and negative regulator of
leukemogenesis, our data indicate that the order of acquisition of
specific mutations in T cell progenitors can impact the
phenotype and latency of T-ALL.

The leukemic cells that arise in DKO mice have very dim
expression of CD4 and CD8 and express CD25, which
distinguishes them from E2a-/- leukemias. Cell lines established
Frontiers in Immunology | www.frontiersin.org 815
from DKOmice also showed some differences in gene expression
from E2a-/- leukemias. In particular, genes associated with the
MCT and Hedgehog signaling pathway, were elevated relative to
E2a-/- leukemias. Among these genes were Rasgrp1, Pla2g12a and
Syk, which are also involved in T cell receptor signaling and their
increased expression may be related to the dim expression of
CD4 and CD8, which canonically identifies cells undergoing
strong TCR signaling or negative selection (49). The increased
expression of Fabp5 also raises the possibility that DKO and
E2a-/- leukemias may have different metabolic requirements.
While there was quite a bit of variability in the gene programs
of individual leukemia lines, these observations raise the
possibility that leukemias with different mutation profiles may
have unique susceptibilities that could be exploited for therapy.

Lef1 is increased in expression in multiple mouse models of
T-ALL. Tcf7-/- mice also have increased Lef1 in DN thymocytes
but develop an ETP-like T-ALL (32). TCF1 was shown to repress
Lef1 and indeed, TCF1 binds to a cluster of sites in the Lef1 gene
and represses transcription from this region in a reporter
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FIGURE 5 | DKO mice have an accelerated onset of T cell leukemia. (A) Kaplan-Meier plot of leukemia incidence in E2a-/- and DKO mice. ****p < 0.0001, Mantel-
Cox Test (B) Total thymocyte numbers and (C) spleen lymphocyte numbers at time of morbidity in E2a-/- and DKO mice compared to age matched Ctrl and non-
moribund E2a-/- mice. ** p< 0.01, ***p < 0.005, ****p < 0.001. Student’s t-test for pairwise comparisons. (D) Flow cytometry showing CD4 and CD8 on two
representative E2a-/- and DKO thymic leukemias. (E) Summary of phenotype of E2a-/- and DKO leukemias.
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construct transduced into DN thymocytes. TCF1 is expressed in
E2a-/- thymocytes at levels indistinguishable from control mice
indicating that the increased LEF1 is not a consequence of TCF1-
deficiency (45, 46). We showed here that unlike LEF1, TCF1 is
not regulated by Notch signaling in E2a-/- leukemias and
therefore we hypothesize that Notch1 regulates Lef1 directly
and independent of TCF1. Deletion of Lef1 in Tcf7-/-

thymocytes had surprisingly little impact on DN thymocyte
development but prevented b-selection and abrogated
leukemogenesis (32). In contrast, deletion of Lef1 in E2a-/-
Frontiers in Immunology | www.frontiersin.org 916
mice did not prevent leukemogenesis. Therefore, TCF1 appears
sufficient in E2a-/- mice to support T cell transformation. TCF1
protein was expressed equivalently in E2a-/- and DKO leukemias
suggesting that LEF1 does not promote leukemogenesis by
repressing Tcf7. Given that E2a-/- leukemias are not ETP-like,
we do not think that the major function of LEF1 is simply
antagonism of TCF1. However, it is possible that high levels of
LEF1 impact TCF1 function by competing with TCF1 for
binding to TCF1/LEF1 binding sites, either promoting or
inhibiting TCF1-like functions. In this scenario, LEF1 may
A
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FIGURE 6 | DKO leukemias require Notch1 signaling and have amplification of chromosome 15. (A) Identification of mutations in the Notch1 gene in two E2a-/- and
3 DKO leukemias. (B) Western Blot Analysis for cleaved ICN1 in the indicated leukemia lines. Actin is shown as a loading control. (C) Relative GFP expression in
leukemias of the indicated genotype after transduction with MigR1 or MigR1-DNMAML. The frequency of GFP+ cells was assessed by flow cytometry at the
indicated times after transduction. ****p < 0.0001 Students t-test on MigR1 versus DNMAML infected cells (D) Spectral karyotyping analysis of metaphase cells
isolated from a DKO leukemia. (E) qRT-PCR analysis for c-Myc in 2 E2a-/- and 3 DKO leukemias.
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antagonize TCF1 functions that prevent transformation while
promoting, or leaving intact, TCF1 functions that support T cell
differentiation. Indeed, we note that Cdkn1a is increased in both
DKO leukemias and E2a-/-Lef1F/F leukemias after deletion of Lef1
Frontiers in Immunology | www.frontiersin.org 1017
compared to E2a-/- leukemias suggesting that Cdkn1a could be a
TCF1 target that is repressed by LEF1. In contrast, Syk and
Rasgrp1 are increased in DKO compared to E2A-/- leukemias but
decreased after deletion of Lef1 from E2a-/-Lef1F/F leukemias.
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Thus, we could speculate that Syk and Rasgrp1 are positively
regulated by LEF1 or TCF1, gaining a dependence on high levels
of LEF1 in E2a-/-Lef1F/F leukemias and TCF1 in DKO
leukemias. Further studies are required to understand the
mechanisms by which LEF1 and TCF1 function in these
different contexts.

We anticipated that LEF1 would be required for the
differentiation of ETPs to the DN3 stage in the absence of E2A
and our in vitro experiments supported this hypothesis. Indeed,
deletion of Lef1 in E2a-/- mice resulted in a loss of DN3
thymocytes. However, total thymocyte numbers were not
impacted by deletion of Lef1 suggesting that LEF1 was not
required for T cell development in the absence of E2a. Given
that we observed increased CD25 and Notch1 signaling in DP
thymocytes after deletion of Lef1, we hypothesize that LEF1
prevented differentiation of DN3 cells into DP cells. Whether
these cells are truly DP thymocytes or DN3 thymocytes that
express CD4 and CD8 remains to be investigated. Thus, the
altered latency of transformation in DKO mice could be related
to differences in the intrinsic susceptibility of thymocytes at
different stages of differentiation to transformation in the
absence of E2A or to an altered environment in which the
transforming progenitors reside.

Taken together, our data demonstrate that LEF1 impacts the
developmental trajectory of E2a-/- T cell progenitors and can act
as a tumor suppressor or oncogene depending on its availability
during the transformation process. Moreover, our data support
the utility of mouse models for understanding the cooperativity
and consequence of mutational order on leukemogenesis.
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Hébert J, Cohen JP and Hoang T
(2022) Monoallelic Heb/Tcf12 Deletion

Reduces the Requirement for
NOTCH1 Hyperactivation in T-Cell

Acute Lymphoblastic Leukemia.
Front. Immunol. 13:867443.

doi: 10.3389/fimmu.2022.867443

ORIGINAL RESEARCH
published: 24 March 2022

doi: 10.3389/fimmu.2022.867443
Monoallelic Heb/Tcf12 Deletion
Reduces the Requirement for
NOTCH1 Hyperactivation in T-Cell
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Diogo F. T. Veiga1,2†, Mathieu Tremblay1†, Bastien Gerby1,3, Sabine Herblot1,4,
André Haman1, Patrick Gendron1, Sébastien Lemieux1,5, Juan Carlos Zúñiga-Pflücker6,
Josée Hébert1,7,8,9, Joseph Paul Cohen10,11 and Trang Hoang1*
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QC, Canada, 2 Department of Translational Medicine, School of Medical Sciences, University of Campinas, Campinas, Brazil,
3 Centre de Recherches en Cancérologie de Toulouse (CRCT), Université de Toulouse, Institut National de la Santé et de la
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5 Department of Biochemistry and Molecular Medicine, Institute for Research in Immunology and Cancer, Université de
Montréal, Montréal, QC, Canada, 6 Department of Immunology, University of Toronto, and Sunnybrook Research Institute,
Toronto, ON, Canada, 7 Institut universitaire d’hémato-oncologie et de thérapie cellulaire, Hôpital Maisonneuve-Rosemont,
Montréal, QC, Canada, 8 Quebec Leukemia Cell Bank, Centre de recherche de l’Hôpital Maisonneuve-Rosemont, Montréal,
QC, Canada, 9 Department of Medicine, Université de Montréal, Montréal, QC, Canada, 10 Department of Computer Science
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Early T-cell development is precisely controlled by E proteins, that indistinguishably include
HEB/TCF12 and E2A/TCF3 transcription factors, together with NOTCH1 and pre-T cell
receptor (TCR) signalling. Importantly, perturbations of early T-cell regulatory networks are
implicated in leukemogenesis. NOTCH1 gain of function mutations invariably lead to T-cell
acute lymphoblastic leukemia (T-ALL), whereas inhibition of E proteins accelerates
leukemogenesis. Thus, NOTCH1, pre-TCR, E2A and HEB functions are intertwined, but
how these pathways contribute individually or synergistically to leukemogenesis remain to
be documented. To directly address these questions, we leveraged Cd3e-deficient mice in
which pre-TCR signaling and progression through b-selection is abrogated to dissect and
decouple the roles of pre-TCR, NOTCH1, E2A and HEB in SCL/TAL1-induced T-ALL, via
the use of Notch1 gain of function transgenic (Notch1ICtg) and Tcf12+/- or Tcf3+/-

heterozygote mice. As a result, we now provide evidence that both HEB and E2A
restrain cell proliferation at the b-selection checkpoint while the clonal expansion of SCL-
LMO1-induced pre-leukemic stem cells in T-ALL is uniquely dependent on Tcf12 gene
dosage. At the molecular level, HEB protein levels are decreased via proteasomal
degradation at the leukemic stage, pointing to a reversible loss of function mechanism.
Moreover, in SCL-LMO1-induced T-ALL, loss of one Tcf12 allele is sufficient to bypass pre-
TCR signaling which is required for Notch1 gain of function mutations and for progression
to T-ALL. In contrast, Tcf12monoallelic deletion does not accelerate Notch1IC-induced T-
ALL, indicating that Tcf12 and Notch1 operate in the same pathway. Finally, we identify a
tumor suppressor gene set downstream of HEB, exhibiting significantly lower expression
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levels in pediatric T-ALL compared to B-ALL and brain cancer samples, the three most
frequent pediatric cancers. In summary, our results indicate a tumor suppressor function of
HEB/TCF12 in T-ALL to mitigate cell proliferation controlled by NOTCH1 in pre-leukemic
stem cells and prevent NOTCH1-driven progression to T-ALL.
Keywords: SCL/TAL1, LMO1, HEB/TCF12, E2A/TCF3, NOTCH1, T-cell acute lymphoblastic leukemia, tumor
suppressor genes
1 INTRODUCTION

Thymocyte reprogramming into self-renewing cells is a
mandatory event in T-cell leukemogenesis, induced by
aberrantly expressed oncogenic transcription factors (1–6).
This initiating event sets a pre-leukemic state, while
progression to overt leukemia requires additional collaborating
events within pathways that control cell fate in the thymus, to
evolve through layers of selective pressure (7–10).

The first acquisition of full T-lineage identity is marked by
successful rearrangement of the T cell receptor (Tcr) b locus
catalyzed by recombination-activating gene 1 (RAG1) and RAG2
at the CD4/CD8 double negative DN2-DN3 transitional stages
(Figure 1A). The b-selection checkpoint is controlled by the pre-
TCR resulting from the pairing of the successfully rearranged
TCR b chain with the invariant pre-Ta chain and the CD3
signaling complex to trigger a burst of cell proliferation and
survival, leading to differentiation of DN thymocytes to the
CD4+CD8+ double-positive (DP) stage. Both the pre-TCR and
NOTCH1 have obligatory functions at this first checkpoint (11–
13). Gain of function mutations of NOTCH1 are found in more
than 55% of childhood T-ALL (14), leading to the well-accepted
notion that NOTCH1 is a major oncogenic event in T-ALL (15–
17). The acquisition of Notch1 mutations in T-ALL absolutely
requires pre-TCR/CD3 signaling (4) and involves recombination
activating enzymes (RAG1/2) (18). Additionally, the NOTCH1
pathway can also be hyperactive as a consequence of loss of
function mutations of FBXW7, the E3 ligase that degrades MYC
(19), an essential downstream target of NOTCH1 (20, 21).
Nonetheless, the NOTCH-MYC-FBXW7 triad appears to be
genetically unaltered in ~1/3 T-ALL cases, raising the question
whether additional genes or pathways may contribute to T-
ALL progression.

Comprehensive high throughput sequencing have unravelled
the genomic landscape of T-ALL in children (22–24) and adults
(25), uncovering a low mutation burden in leukemias compared
to solid tumors (26, 27). These studies identified recurring
mutations within genes and pathways that control cell fate in
thymocytes, confirming the dominant presence of NOTCH1 as a
driver mutation. Unlike NOTCH1, oncogenic transcription
factors in T-ALL are not mutated but aberrantly expressed in
the T lineage driven by chromosomal translocations. These
oncogenic transcription factors belong to two families, the
basic helix-loop-helix family (SCL/TAL1, TAL2, LYL1) and
associated partners (LMO1, LMO2), as well as homeodomain
proteins (TLX1, TLX3, HOXA) (reviewed in (28, 29). Transgenic
mice in which oncogene expression is driven in the thymus
org 222
develop T-ALL with variable latency, indicating the necessary
acquisition of collaborating events. This is illustrated by the loss
of Bcl11b function, through transcription repression by the TLX1
oncogene or through mono-allelic deletion in mouse models (30)
and in 9% of human T-ALL (31).

Similar to BCL11B (32), both E2A (E12 and E47 (33)), and
HEB (HEBCan and HEBAlt (34)) are essential for the
commitment of progenitor thymocytes to the T-cell lineage (35,
36) by governing a gene expression program that is critical for T-
cell development [(37), reviewed in (38)] and includes T-cell
specific genes such as Ptcra and Cd4 (39, 40), as well as cell cycle
genes such as Cdkn1a (37, 41). Moreover, E2A is antiproliferative
in thymocytes (42–44) and E2A-deficient mice develop T-cell
lymphomas (42, 45), indicating that E2A has tumor suppressor
functions, much like BCL11B. Nonetheless and unlike BCL11B,
neither E2A/TCF3 nor HEB/TCF12 was found mutated or
affected by copy number variations in human T-ALL (10, 25),
raising the possibility of non-genetic inactivation of E2A or HEB
that has so far escaped genomic studies. E protein activity can be
inhibited by direct heterodimerization with Id proteins, members
of the HLH family that lack DNA binding domains (37) or by the
SCL and LYL1 oncoproteins (39, 40, 46, 47). Nonetheless,
inhibition of E protein by SCL is insufficient for T-cell
leukemogenesis which requires transcription activation of a
stemness gene expression program by the SCL-LMO1 complex
(2) or LMO2 (48, 49). Finally, O’Neil et al. have previously shown
a genetic collaboration between Tcf12 or Tcf3-deficiency and SCL/
TAL1 in accelerating T-ALL onset (47). Because Heb deficiency
would cause reduced pre-TCR expression (50) and decreased cell
proliferation (51), it remains to be documented how this would
accelerate T-ALL onset. In summary, while it is well recognized
that E2A can be a tumor suppressor in mouse models, it is not
clear whether E2A or HEB is inactivated in human T-ALL and
how inactivation may occur, given the essential and dosage-
dependent role of E2A and HEB in the T lineage (50–52).

Given the intricate interaction between NOTCH1, pre-TCR
signaling and E proteins, we elected to use Cd3e-/- mice as a
powerful genetic model to dissect and decouple the roles of
NOTCH1, pre-TCR and HEB in leukemia progression,
specifically in DN3 thymocytes, previously shown to be the cell
of origin of SCL-LMO1 (2, 4) and LMO2 (48) -induced T-ALL.
Thus, by abrogating b-selection and analyzing Notch1 gain of
function and Tcf12 loss of function individually, our results
unravel a strong selective pressure for down regulation of HEB
protein levels driven either by NOTCH1 and/or by pre-TCR
signaling as a requirement for progression from the pre-leukemic
state to overt T-ALL.
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FIGURE 1 | Pre-TCR signaling is functionally important for T-ALL progression. (A) Pre-TCR signalling and thymocytes development. (B, C) Kaplan-Meyer survival curves
comparing disease development in the pre-TCR proficient (Cd3e+/+) and deficient (Cd3e-/-) backgrounds in three models of T-ALL. (D) Principal component analysis of
the transcriptomes of normal thymocyte subsets compared to SCL-LMO1-induced pre-leukemic and leukemic (T-ALL) thymocytes. (E) FACS phenotypes of
SCLtgLMO1tg thymocytes from Cd3e+/+ and Cd3e-/- backgrounds at pre-leukemic and leukemic stages. (F) Gene set enrichment analysis (GSEA) correlates disease
progression to stages of thymocyte differentiation. Up-regulated and down-regulated gene sets were computed at each stage of normal thymocyte development from
ETP to DP using microarray data from the Immgen project (http://www.immgen.org/), and enrichment was tested during disease progression (pre-leukemia to leukemia).
Dark green bars denote enrichment of the up-regulated signature, and yellow bars denote enrichment of down-regulated signatures. (G) GSEA analysis of b-selection,
pre-TCR specific and CD8+ TCR specific gene signatures during disease progression. Left panels show the enrichment tests for up-regulated gene signatures, and right
panels show enrichment of genes decreased by b-selection, pre-TCR and CD8+ TCR.
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2 MATERIALS AND METHODS

2.1 Mouse Models and Cell Lines
All animals were kept on a C57BL6/J strain background and
maintained in pathogen-free conditions according to
institutional animal care and use guidelines. Lck-NotchIC9
(Notch1tg) (53), SIL-SCL (A (5)3SCL; SCLtg) (54), Lck-LMO1
(LMO1tg) (55), Cd3e-/- (56), E2a/Tcf3+/- (57) and Heb/Tcf12+/-

(52) were described previously. Kaplan-Meier survival and
statistical analysis was performed using GraphPad Prism 9.0
software (GraphPad Software, Inc.). T-ALL susceptibility was
computed from areas under the curve (AUC) of Kaplan–Meier
survival curves using Prism (1-AUC). Generation of human
xenograft T-ALL blasts (14H025 and 14H148) were described
previously (58). Human blast and primary murine thymocytes
were cultured in MEM Alpha culture medium (Thermo Fisher)
supplemented with 10% FBS, 10mM HEPES, 1mM sodium
pyruvate, 55 mM b-mercaptoethanol, 2 mM glutamax, 5 ng/mL
human FLT-3 Ligand, 5 ng/mL murine IL-7 and 20 ng/mL
murine SCF. The DN T-cell line AD10.1 and Jurkat were
cultured as previously described (50). KOPT-K1 and P12-
ICHIKAWA cell lines were obtained from the DSMZ
collection, Germany and maintained in RPMI-1640 culture
media supplemented with 10% Fetal Bovine Serum (FBS).

2.2 Flow Cytometry Analysis and
Cell Sorting
Single-cell suspensions were prepared from thymi or thymoma
of mice. Flow cytometry analysis and cell sorting were done as
described previously (39) using antibodies against Thy1.2, CD4,
CD8, CD25 and CD44, using propidium iodide to exclude dead
cells. Multiparametric flow cytometry analysis was performed on
a FORTESSA flow cytometer, and cell sorting was performed on
FACSAria (BD Biosciences, San Jose, CA). Cell cycle analysis
using DAPI staining was performed using ModFit (Verity
Software Software, USA).

2.3 RT-PCR and Notch1 Sequencing
For Cdnk1a gene expression analysis, DN thymocytes from wt
and Heb/Tcf12-/- newborn mice were sorted by flow cytometry
and cDNAs were prepared as described previously (39).
Southern blots of the amplicons were revealed by hybridization
using an internal 32P-labeled oligonucleotide fragment (primer
sequences are listed in Supplementary Table l). The ribosomal
Rps16 expression was used as a control for cDNA quality
and quantity.

For Notch1 sequencing, cDNA was prepared from total RNAs
as described previously (39). Amplification of Notch1 exons 26,
27, and 34 from leukemias cDNA were Sanger sequenced in both
directions. Quantitative gene expression analysis was performed
on StepOne system (Life Technologies) using specific primers and
Advanced qPCRmix (Wisent). Primer sequences used for specific
mRNA amplification are listed in Supplemental Table S1.

2.4 Western Blot Analysis
Cells were lysed in RIPA buffer containing a cocktail of protease
inhibitors. Protein extracts were resolved on bis-acrylamide gel,
Frontiers in Immunology | www.frontiersin.org 424
transferred on PVDF membranes and hybridized with anti-HEB
and anti-E2A (Santa-Cruz Biotechnology Inc., CA) and anti-
tubulin-b (Sigma) and anti-ERK (Cell Signaling) as a
loading control.

2.5 ChIP Assays
Chromatin immunoprecipitation were performed on either
Cd3e-/- primary thymocytes or AD10.1 extracts as previously
described (50). Quantitative PCR was performed on StepOne
system (Life Technologies) using specific primers using
Advanced qPCR mix (Wisent). Oligonucleotide sequences used
for promoter amplification are shown in Supplementary Table 1.

2.6 Microarray Analysis
Total RNAs were prepared from freshly isolated thymocytes
from Cd3e-/- (control DN3 thymocytes), Cd3-/-SCLtgLMO1tg T-
ALL and pre-leukemic (3-week-old), and Cd3e+/+SCLtgLMO1tg

leukemic mice using the RNeasy extraction kit (Qiagen,
Mississauga, ON). cDNA synthesis, labeling and hybridization
onto Affymetrix Mouse Genome 430A 2.0 arrays were performed
at the Ottawa Health Research Institute (Ottawa, ON) as
described (2). Raw data were normalized using the RMA
procedure implemented in the Affy package from
Bioconductor (59).

2.7 Gene Set Enrichment Analysis
We obtained raw microarray data for normal thymocyte
populations generated by the Immgen project from GEO
(accession number GSE15907). Data were normalized using
the RMA procedure implemented in the Affy package from
Bioconductor (59). We derived “transition” signatures for each
differentiation step (i.e. ETP to DN2, DN2 to DN3a, etc.), which
contained genes whose expression levels present with at least a 2-
fold change (up or down-regulated) in the transition (gene
signatures provided in Supplementary File 1). In Figure 1F,
gene set enrichment analysis (60) was applied to detect transition
signatures that are enriched in the transcriptome of Cd3e-/-

SCLtgLMO1tg and Cd3e+/+SCLtgLMO1tg leukemic cells.
Pre-TCR specific signatures (Figure 1G, Supplementary File

1) included genes that increased or decreased at least 2-fold
during the DN3a-DN3b transition, and are not regulated by the
abTCR in peripheral CD8+ T cells stimulated by antigen (naive
versus activated CD8+ T cells). Conversely, TCR-specific
signatures (Figure 1G, Supplementary File 1) included genes
exclusively regulated by the abTCR in activated CD8+ T cells.

2.8 Regulator Analysis Using ChIP-
Seq Datasets
We collected genome-wide chromatin occupancy data for 7
transcription factors implicated in pre-TCR signalling (11
ChIP-seq experiments in total, Figure 2A) from Wang et al.
(61), Miyazaki et al. (37), and the HemoChIP project (62). ChIP-
seq data obtained for E2A (DN3 and DN4) (37) and NOTCH1
(G4A2 and T6E murine cell lines) (61) were processed according
to the following steps: (i) sequence reads were mapped to the
mouse genome mm9 using Bowtie with default parameters
(maximum 2 mismatches); and (ii) peak coordinates were
March 2022 | Volume 13 | Article 867443
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determined by the MACS tool, using the cutoff P < 10–9. Peak
coordinates for the HemoChIP dataset mapped to the mouse
genome mm9 were downloaded from http://hscl.cimr.cam.ac.uk/
ChIP-Seq_Compendium/ChIP- Seq_Compendium2.html. Last,
all peaks were associated to their closest transcription start sites
in the mouse genome using PeakAnalyzer v.1.4 tool (63). Lists of
targets bound by transcription factors included all genes
containing at least one binding site for the regulator
(Supplementary File 1). We tested enrichment of targets using
the Fisher’s exact test (Figure 2A).

2.9 Exome Sequencing and Data Analysis
DNA was extracted from Cd3e-/-SCLtgLMO1tg leukemias (n=4)
and control Cd3e-/- thymocytes (n=2), followed by targeted
exome enrichment was performed using the mouse Nimblegen
SeqCap EZ kit from Roche. Sequencing was performed in the
Illumina HiSeq2000 at the IRIC Genomics platform. Low quality
bases (quality below 20) in paired-end reads were trimmed off
Frontiers in Immunology | www.frontiersin.org 525
using the Trimmomatic tool (64), duplicate reads were removed
using Picard (http://broadinstitute.github.io/picard), and
alignment to the mouse genome (mm10) was performed with
bwa (65). The resulting depth of coverage was 20X for at least
85% of the captured exome across all samples. Exome variants in
T-ALL samples were predicted using Strelka (66), using Cd3e-/-

thymocytes as matching controls, and annotation was performed
using ANNOVAR (67). SIFT scores to determine deleterious
variants were computed using the Variant Effect Predictor
tool (68).

2.10 RNA-Sequencing and Data Analysis
RNA extracted from Cd3e-/-SCLtgLMO1tg leukemias (n=4) and
control Cd3e-/- thymocytes (n=2) was prepared using the TruSeq
RNA kit (Illumina) and sequenced in the Illumina HiSeq2000 in
the IRIC Genomics platform. Low quality bases (quality below
20) in paired-end reads were trimmed off using the
Trimmomatic, and processed reads were aligned to the mouse
A B

D E

C

FIGURE 2 | T-ALL progression associated with an inhibition of E proteins targets and downregulation of HEB protein. (A) Regulator analysis identified transcription
factors associated to transcriptional repression during T-ALL progression and b-selection. Regulators are rank-ordered according to their enrichment scores. The
bars display the downregulation significance (log10 adjusted P, Fisher’s exact test). Targets were extracted from ChIP-seq datasets (cell types in parenthesis).
(B) GSEA analysis of genes activated by HEB and E2A targets during progression from pre-leukemic to leukemic state in Cd3e-deficient SCLtgLMO1tg T-ALL.
(C) Binding site motif enrichment (MSig) within the proximal promoter regions of HEB target genes down-regulated between Cd3e-/- leukemic and pre-leukemic cells.
(D) HEB and E2A protein levels during T-ALL progression measured by Western blotting. (E) Growth in vitro for primary T‐ALL samples (left panel). Western blot
analysis of theindicated T-ALL samples (right panel).
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genome mm10 using Tophat2/Bowtie2 v2.0.7 (69). Gene levels
were quantified (FPKM values) based on the UCSC reference
genes annotation using cuffdiff v.2.1.1.

RNA-seq data from pediatric tumors including a minimum of
313 T-ALL, 720 B-ALL and 350 Brain tumor samples were
accessible for data analysis via the St. Jude PeCan data portal
(https://pecan.stjude.cloud) (70) using Protein paint to capture
RNA expression from the above ALL datasets (71).
3 RESULTS
3.1 Functional Importance of the Pre-TCR
in Disease Progression
The first critical event in leukemogenesis is the reprogramming of
DN3 thymocytes into pre-leukemic stem cells (pre-LSCs) by the
SCL-LMO1 oncogenes (2). These two oncogenes target the DN3
population (4, 72) but are not sufficient per se for progression to T-
ALL. While the initiating reprogramming event is pre-TCR
independent (2), progression to T-ALL requires both pre-TCR
and NOTCH1 signaling (4), thus emulating the requirement for
cooperative signaling between the two important pathways for
normal thymocyte differentiation (11). To define the precise
contribution of each pathway to disease progression, we took a
genetic approach to quantitatively estimate T-ALL progression
using disease penetrance and the time to leukemia onset as
endpoints to measure leukemogenesis. T-ALL induced by
SCLtgLMO1tg or Notch1tg separately is affected by the absence of
pre-TCR/CD3 signaling (Figure 1B) as previously reported (4, 72,
73). In contrast, SCL-LMO1 together with the hyperactive Notch1
allele (ICN1, hereafter Notch1tg), induce T-ALL with full
penetrance in the presence or in the absence of Cd3e
(Figure 1C). Nonetheless, in Cd3e-proficient mice, pre-TCR/
CD3 signaling accelerates the disease to 29 days, compared to
112 days in Cd3e-deficient mice. These results indicate that
Notch1tg drives the penetrance of T-ALL while the pre-TCR
determines the time to leukemia. Of note, T-ALL induced by
the three oncogenes together in the absence of Cd3e reproduce the
disease induced by the two transcription factor oncogenes SCL and
LMO1 in a Cd3e-proficient background (Figure S1). Therefore, in
the context of T-ALL induced by the SCL and LMO1 oncogenes,
the Notch1 transgene controls disease penetrance while pre-TCR
signaling accelerates disease onset.

3.2 Re-Activation of a Pre-TCR-Driven
Proliferation Signature in the Absence
of CD3 Signaling Associated With
Disease Progression
While pre-TCR signaling has been known to be important for
leukemogenesis (74, 75) and more specifically for SCL-LMO1-
induced T-ALL (4, 76), the contribution of the pre-TCR and
downstream molecular effectors remain to be uncovered. T-ALL
that still develops in the absence of CD3 or RAG, completely
lacked the typical Notch1 gain of function mutations (4),
providing us with a unique genetic tool to dissect the
contribution of these pathways to T-ALL.
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We therefore conducted a transcriptomic analysis that
capitalized on our identification of DN3a as the cell of origin
of T-ALL, and in Cd3e-/- mice in which pre-TCR signaling is
abrogated, causing thymocyte differentiation blockade at the
DN3a stage. This allows for a stringent comparison between
the pre-leukemic and the leukemic state to define the molecular
signature of progression. During the pre-leukemic stage, Cd3e-/-

SCLtgLMO1tg thymocytes are blocked at the DN3a stage, as
expected from the absence of CD3.

We next compared the transcriptomes of pre-leukemic (n=3)
and of SCLtgLMO1tg leukemic cells (n=6) (Figure 1D). We
applied principal component analysis (PCA) to compare the
transcriptomes of normal thymocyte populations (obtained from
the Immgen project) with pre-leukemic and leukemic samples.
The first component reflected the distinct Affymetrix chips used
for profiling whereas the second PCA component organized the
transcriptomes according to their differentiation trajectories,
from ETP to DP cells. Overall, PCA showed that pre-leukemic
samples were comparable to the Cd3ϵ-/- DN3a thymocytes.
Strikingly, progression to T-ALL correlates with the expression
profiles of thymocytes that have undergone b-selection, despite
the absence of pre-TCR signaling in Cd3ϵ-/- mice. Consistent
with PCA, we observed that leukemic cells acquired a post-b-
selection phenotype to become DN3b-DP cells (98% of the
thymic mass), compared to 2% at the pre-leukemic stage,
despite the complete lack of normal pre-TCR function in
Cd3e-/- mice (Figure 1E).

We also correlated disease progression with gene signatures
of thymocyte differentiation using gene set enrichment
analysis (GSEA). We observed that only signatures associated
to post-b-selection thymocytes (DN3b to DN4 cells) were
positively correlated with T-ALL progression (Figure 1F). The
strongest correlation was associated with the DN3a-DN3b
transition, exactly at the stage where the pre-TCR/CD3
triggers a burst of cell proliferation following a productive
TCRb rearrangement and the formation of a functional pre-
TCR/CD3 complex.

CD3 signaling is important for pre-TCR function and b-
selection, but also for TCR signaling. To distinguish the
contribution of these two pathways to T-ALL progression, we
applied GSEA to analyse gene signatures of antigen-independent
(pre-TCR) and antigen-dependent (TCR) T-cell stimulation in
T-ALL progression. Pre-TCR-induced genes (DN3b-DN4)
correlated positively with leukemia progression (Figure 1G,
adj. P < 10-4). In contrast, the TCR gene signature did not
correlate positively with T-ALL progression induced by SCL-
LMO1 (Figure 1G).

In summary, our results indicate that leukemic cells display
gene signatures of post-b-selection thymocytes, suggesting that a
pre-TCR/CD3-like proliferation has occurred even in the
absence of a functional pre-TCR (Cd3e-/- background).
Moreover, progression to T-ALL overlaps specifically with pre-
TCR-driven gene signature. This CD3-independent activation of
the pre-TCR molecular signature indicates a strong selective
pressure during leukemic progression for pathways that
normally control the b-selection checkpoint.
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3.3 T-ALL Progression Associated With
an Inhibition of E Proteins
3.3.1 Genomic Analyses Identify the Down-
Regulation of E2A and HEB Targets During Normal
b-Selection and the Progression From Pre-Leukemic
to Leukemic Stages
Several transcription factors have been implicated in pre-TCR
signaling and/or b-selection (reviewed in (77)). To determine
their potential contribution to T-ALL progression, we first
performed a systematic regulator analysis based on published
ChIP-seq datasets (62).

This analysis predicted that targets of E proteins, E2A and
HEB, are down-regulated during b-selection and T-ALL
progression (Figure 2A, Fisher’s exact test). In addition, from
data obtained with shRNA knock-down of HEB (78),we
identified a list of 389 genes activated by HEB in Jurkat cells,
(i.e. fold-change > 1.5, t-test P < 0.05). GSEA indicated that these
HEB targets (Figure 2B, left panel) as well as E2A-bound genes
(Figure 2B, right panel) are down-regulated when comparing
Cd3e-/- leukemic and pre-leukemic cells. Last, well known E-Box
motifs CAGCTG and TAL1b-ITF2 (79) were found to be
enriched in HEB target genes (Figure 2C).

Overall, these analyses indicate that inhibition of E protein
activity may be important both at the b-selection checkpoint and
during T-ALL progression.

3.3.2 HEB Protein Levels Are Down Regulated
in T-ALL
Mice lacking E2a/Tcf3 develop lymphomas, suggesting that E2A
is a tumor suppressor (42, 45). Nonetheless, TCF3 mRNA is
highly expressed in human T-ALL (9, 80) and the TCF3 gene is
neither deleted nor mutated, raising the question how E2A acts
as a tumor suppressor. Previous work showed that pre-TCR
signaling inhibits E2A activity via upregulation of Id3 (81).
However, the very low levels of ID3 in most human T-ALL
samples (Figure S2A) and in murine SCLtgLMO1tg T-ALL
(Figure S2B) do not support a role for ID3 in sequestering
HEB or E2A in T-ALL.

Next, we investigated Heb expression at the mRNA and
protein levels in T-ALL progression. Heb/Tcf12 mRNA levels
were equally high in control, pre-leukemic and leukemic cells
(Figure S2C). In contrast, we found by western blotting that
HEB protein was almost absent in murine leukemic cells,
contrasting with high expression levels in normal DN3a
thymocytes and variable levels in pre-leukemic thymocytes
(Figure 2D, upper panel). E2A protein levels also decreased
with progression to T-ALL, albeit to a lesser extent (Figure 2D,
lower panel) while mRNA levels remained elevated (Figure
S2C). Moreover, we observed that HEB levels steadily
increased in Jurkat cells treated with the proteasome inhibitor
MG132 (Figure S2D), indicating that HEB levels are regulated
by proteasomal degradation in leukemic cells. We next inspected
E protein levels in two primary T-ALL patient samples. HEB
protein levels were undetected in the sample with higher
proliferation in culture, whereas E2A was undetectable in both
samples (Figure 2E). Taken together, these results indicate a
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strong selective pressure for HEB protein down-regulation
during progression to T-ALL.

3.4 HEB Restricts Cell Proliferation at the
b-Selection Checkpoint and Acts a Tumor
Suppressor in T-ALL
To directly address the role ofHeb or E2a, we analyzed thymocyte
numbers in E2a/Tcf3+/- or Heb/Tcf12+/- mice in the context of the
SCLtgLMO1tg mice or their wild type (wt) littermates. In adult wt
mice, removal of one Heb allele or one E2a allele did not
significantly affect thymocyte numbers at the DN3 to DP stages
(Figure 3A), although Heb monoallelic deletion resulted in
modest but significantly increased cell numbers within
populations undergoing b-selection, i.e. DN3b and DN3-4
(Figure S3), concurring with the view that Heb enforces a
proliferation checkpoint at this stage (44, 82). We and others
previously showed that the SCL-LMO1 or LMO2 oncogenes
expand the DN3 populations due to increased self-renewal
capacity (2, 4). Interestingly, Heb haploinsufficiency further
increased the expansion of the DN3 and DN4 populations
induced by the SCL-LMO1 oncogenes (Figure 3A). To directly
address the antiproliferative role of HEB, we compared S/G2/M
phase progression in Heb/Tcf12+/- and Heb/Tcf12+/+ DN3
thymocytes from Cd3e-/- mice. In absence of pre-TCR signaling,
while loss of one allele of Heb increased the proportion of
proliferating cells, we found that the SCL-LMO1 oncogenes
decreased the proportion of cycling DN3 thymocytes, consistent
with a role for SCL in quiescence control (83). In this context,
removing one Heb allele re-established proliferating DN3
thymocytes to normal proportions (Figure 3B). Therefore, in
the absence of pre-TCR signaling, the SCL and LMO1 oncogenes
revealed Heb haplo-insufficiency in cell cycle control, indicating
and that HEB anti-proliferative function is required to control
oncogenic stress at the b-selection checkpoint. In addition to the
previously reported role for Id3-mediated inhibition of E proteins
during b-selection in steady state (84), our data indicate a
distinctive requirement for HEB in stress response.

The E proteins and Id axis has a well-established tumor-
suppressor function (42, 45). We therefore addressed the
question whether both HEB and E2A have a tumor suppressor
function in the context of SCL-LMO1-induced T-ALL
(Figure 3C). In Cd3e-proficient mice, loss of one E2a allele
caused a modest decrease in latency from 122 days in littermate
controls to 114 days (Figure 3C, left panel). In contrast, deletion
of one Heb allele accelerated the time of onset to 83 days
compared to 130 days in littermate controls (Figure 3C, right
panel). Together, our results indicate a tumor suppressor
function for Heb which acts in a gene-dosage dependent
manner in T-ALL induced by SCL and LMO1.

3.5 Monoallelic Heb/Tcf12 Deletion
Accelerates SCLtgLMO1tg-Induced T-ALL
Without Affecting Notch1tg-Induced T-ALL
In Cd3e-deficient mice expressing the SCL and LMO1 oncogenes,
inactivation of a single Heb allele bypassed pre-TCR signalling to
increase the proportion and numbers of DN4 cells during the
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pre-leukemic stage (Figures 4A, B and Figure S4). In addition,
monoallelic Heb deletion allowed a minor population of SCL-
LMO1 expressing thymocytes to progress to the DP stage (1.4%,
Figures 4A, B). Last, progression to the leukemic stage is
associated with a transition to a post-b-selection phenotype in
Cd3e-deficient SCLtgLMO1tg mice, which consistently increased
in Heb/Tcf12+/- T-ALL (Figures 4C, D).

We next assessed the impact of Heb gene dosage on disease
penetrance and time to leukemia. Strikingly, decreasedHeb (Heb/
Tcf12+/-) compensates for the absence of pre-TCR signaling in
Cd3e-/- mice and allowed SCLtgLMO1tg T-ALL to become fully
penetrant, in addition to accelerating disease onset by 107 days
(Figures 5A, B). Hence, in Cd3e-/-SCLtgLMO1tg mice in which
disease penetrance was 80%, loss of one Heb allele recapitulated
the effect of the Notch1 oncogene on restoring full disease
penetrance as shown in Figure 1C. Since Notch1tg-induced T-
ALL is also dependent on pre-TCR function (Figures 1C and 5C,
D), we next addressed the importance of Heb in T-ALL induced
byNotch1tg in pre-TCR proficient and pre-TCR deficient mice. In
contrast to SCL and LMO1, decreased Heb gene dosage did not
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affect Notch1tg-induced T-ALL in Cd3e-/- or in Cd3e+/+ mice
(Figures 5C–F), indicating that Heb and Notch1 operate in the
same genetic pathway in T-ALL, as suggested during normal
differentiation (36). In summary, Heb and Notch1 inversely
control the penetrance of T-ALL induced by the SCL and
LMO1 oncogenes whereas the pre-TCR determines the DN-DP
transition during the pre-leukemic stage and the time of
disease onset.

Since the Notch1 oncogene is sufficient to bypass pre-TCR
signaling to confer full leukemic penetrance in Cd3e-/-

SCLtgLMO1tg mice (Figure 1B), we addressed the question
whether the increased penetrance caused by monoallelic Heb
deletion shown in Figure 5A could be due to the acquisition of
Notch1 gain of function mutations. We analyzed a cohort of mice
with Heb/Tcf12+/- and Heb/Tcf12+/+ T-ALL for the presence of
Notch1 mutations (Figures 5E and S5). As expected, 19 of 20
SCLtgLMO1tg T-ALL in Cd3e+/+Heb/Tcf12+/+ mice exhibit Notch1
gain of function mutations (4, 85) which affect the PEST domain
whereas Cd3e-deficient SCLtgLMO1tgHeb/Tcf12+/+ T-ALL
completely lacked Notch1 mutation as reported (4). In
A

C
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FIGURE 3 | HEB restricts cell proliferation at the b‐selection checkpoint and acts as a tumor suppressor in T-ALL. (A) Effect of loss of one allele of Heb/Tcf12 or
E2a/Tcf3 on the absolute numbers of thymocytes within the indicated subsets in a wt or SCLtgLMO1tg background. Shown are the average ± SD of at least 9 mice per
group (5-6 weeks). Where not specified P value is compared to wild type control: **p = 0.0039, ***p < 0.002 and ****p < 0.0001. (B) Monoallelic Heb/Tcf12 deletion
increased S/G2/M phase in Cd3e-deficientpre-leukemic DN3 thymocytes. Cell cycle analysis of Cd3e-deficient thymocytes in Heb/ Tcf12+/+ andHeb/Tcf12+/-
backgrounds. *p value <0.01). (C) Kaplan-Meyer survival curves comparing E2a/Tcf3+/+ with E2a/Tcf3+/- backgrounds (left panel) as well as Heb/Tcf12+/+ and Heb/
Tcf12+/- backgrounds in Cd3e-proficient SCLtgLMO1tg leukemias. In both panels, the +/+ genotypes are wild type littermates of +/- mice. N represents the numbers of
mice and the median survival in days was computed from the survival curves. *p = 0.039 and ****p < 0.0001.
March 2022 | Volume 13 | Article 867443

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Veiga et al. HEB, NOTCH1 and T-ALL
comparison, only 1 of 7 Heb/Tcf12+/- T-ALLs acquired Notch1
mutations (Figure 5E and Figure S5). Therefore, the increased
aggressiveness of Heb/Tcf12+/- T-ALL is unlikely due to Notch1
gain of function mutations.

These results establish Heb as a tumor suppressor that
normally enforces a proliferative checkpoint during b-selection
to suppress oncogene-induced T-ALL in a gene dosage-
dependent manner. Unlike classical tumor suppressors, the
human HEB gene is not affected at the genomic level in T-ALL
(10, 25). Here, we show that HEB is regulated at the protein level,
pointing to a distinctive loss of function mechanism.
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3.6 A Threshold-Dependent Role for
Cdkn1a Downstream of HEB
3.6.1 Exome Sequencing of Cd3e-/-SCLtgLMO1tg

T-ALLs Reveals Loss of Function Mutations in
HEB-Bound Genes
Since HEB/TCF12 is not deleted nor inactivated by deleterious
mutations in human T-ALL, we addressed the possibility that
down-regulation or genetic inactivation of HEB targets with
tumor suppressor function could also be a mechanism
associated to and/or selected for during disease progression.
We performed exome sequencing of Cd3e-/-SCLtgLMO1tg
A

B

C D

FIGURE 4 | The SCL and LMO1 oncogenes favor the DN-DP transition at the leukemic stage despite the absence of pre-TCR/CD3 signaling: synergy with decreased
Heb gene dosage. (A) FACS phenotypes of normal Cd3e-/- or pre-leukemic Cd3e-/-SCLtgLMO1tg thymocytes from Heb/Tcf12+/+ and Heb/Tcf12+/- backgrounds. Flow
cytometry profiles for the CD4− CD8− DN populations are shown in Figure S4. (B) Absolute numbers of thymocytes within the indicated subsets in normal Cd3e-/- or
pre-leukemic Cd3e-/-SCLtgLMO1tg in Heb/Tcf12+/+ and Heb/Tcf12+/- backgrounds. Shown are the average ± SD of at least 5 mice per group, taken at 4 weeks. Note
the significant increase in the post-b selection DN4 and DP populations in SCLtgLMO1tgHeb/Tcf12+/- mice. (C) FACS phenotypes of Cd3e-proficient or deficient
SCLtgLMO1tg leukemias from Heb/Tcf12+/+ and Heb/Tcf12+/- backgrounds. (D) T-ALL with a post-b-selection phenotype. Shown are the percentages of cells from each
T-ALL with post-b-selection surface phenotypes (DN3-4, DN4, ISP, SP). n represents the numbers of mice analysed. * adj p=0.02. pvalue < 0.05; **p value < 0.005; ***p
value < 0.0005; ****p value < 0.0001, ns, Non significant.
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leukemias (n=4) and control Cd3e-/thymocytes to identify
genetic alterations involved in leukemia development in the
absence of pre-TCR signaling. The software Strelka (66) was
applied to discover somatic SNVs and short indels using the
paired tumor-control configuration. After filtering out known
polymorphisms reported in the SNP database v.138, we obtained
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85 non-synonymous SNVs predicted to be deleterious by the
Variant Effect Predictor tool (68). In addition, Strelka predicted
19 stop gains, 10 stop loss, 2 frameshift deletions and 1 frameshift
insertion (Supplementary File 2).

We investigated the gene set affected by the above mutations
(102 genes in total, Figure 6A) using the MSig database
A C

B D

E F

FIGURE 5 | The SCL and LMO1 oncogenes but not the Notch1/IC9 oncogene reveal Heb/Tcf12 as a haplo-insufficient tumor suppressor in T-ALL. (A) Kaplan-Meyer
survival curves comparing Cd3e-deficient SCLtgLMO1tg leukemias in Heb/Tcf12+/+ and Heb/Tcf12+/- backgrounds. Shown is the median survival in days. (B) T-ALL
susceptibility of SCLtgLMO1tg mice in Cd3e-proficient (Cd3e+/+, Figure 3C) or deficient (Cd3e-/-, Figure 5A) backgrounds was calculated from the area under the
curve (AUC) of the above Kaplan-Meyer graph over 365 days. Shown on top are the numbers of mice per group. (C, D) Kaplan-Meyer survival curves (C) and T-ALL
susceptibility (D) comparing Notch1/IC9-induced leukemias in Heb/Tcf12+/+ and Heb/Tcf12+/- backgrounds that are Cd3e-deficient or Cd3e-proficient. (E) Presence of
Notch1 activating mutations in Cd3e-proficient but not Cd3e-deficient SCLtgLMO1tg T-ALL. Shown are the percentage of T-ALL samples with an activating mutation in
the Notch1 locus in Heb/Tcf12+/+ and Heb/Tcf12+/- backgrounds. Shown on top are the numbers of leukemias sequenced in each group. Only one Heb/Tcf12+/-

Cd3e-deficient SCLtgLMO1tg T-ALL harbours a mutation affecting the PEST domain of Notch1. (F) Leukemic phenotypes of Cd3e-proficient or Cd3e-deficient Notch1tg

leukemias from Heb/Tcf12+/+ and Heb/Tcf12+/- backgrounds **** pvalue<0.0001.
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enrichment tool (http://software.broadinstitute.org/gsea/
msigdb/annotate.jsp). We found a strong enrichment (adjusted
P = 1.2x10-4) for genes containing the E-box motif CAGGTG in
their proximal promoters, suggesting they could be regulated by
E proteins E2A and HEB (Figure 6B and Supplementary File 2).
The AP4 E-box motif CAGCTG was also found to be enriched in
promoters of mutated genes (35 genes, adjusted P = 1.2x10-4).

To confirm binding, we performed ChIP in the AD10 DN cell
line and found by PCR that HEB occupies the promoter regions
of 29 of the mutated genes within 2 kb of the transcriptional start
site, in addition to Cdkn1a, validated here as a HEB target
(Figure S6A). Binding enrichment was at least five-fold over a
negative control and for 3 genes, the enrichment was almost as
high as that observed with Ptcra which was amplified as a
positive control (Figure S6A). In contrast, Csf3r which was
amplified as a negative control did not show any enrichment.

3.6.2 Downstream HEB Targets With Putative Tumor
Suppressor Function in Human T-ALL
We next addressed whether HEB-bound genes with loss of
function mutations in murine T-ALL might be tumor
suppressors in the human disease. We included Cdkn1a in this
analysis because Cdkn1a is a well-documented HEB and E2A
target gene (41, 44, 86) and because of strong genetic evidence for
Cdkn1a tumor suppressor function in mice harboring one
additional Cdkn1a allele (87). Out of 102 genes with
deleterious mutations (for a total of 103 including Cdkn1a), 35
are HEB-bound genes (34.3%) according to previously published
HEB ChIP-seq data with two human TAL1/SCL T-cell lines (78)
and ChIP-PCR validation from this study (Figure S6A). Of note,
7 of these 35 HEB-bound genes (20%) are known tumor
suppressors (https://bioinfo.uth.edu/TSGene, Figure 6A). We
checked gene expression in blood and brain samples from
normal tissues in the GTEx portal (https://www.gtexportal.org)
and all seven genes were expressed in normal cells and therefore
retained for further analysis. When we applied the same filtering
strategy to E2A instead of HEB, only 10 of 103 genes are E2A-
bound (9.7%) and 4 of the 10 genes are annotated as TSGenes
(Figures 6A, E, H). All four genes are present in the seven HEB-
bound TSGenes.

These 7 HEB-targets and TS genes were not found to be
recurrently mutated in T-ALL (10). Of note, T-ALL can be
classified into distinct molecular subgroups based on
chromosomal translocations and gene signatures (9, 23, 88).
Since our transgenic model is representative of the SCL/TAL1
molecular subgroup, we next addressed the question whether these
seven HEB target TSGenes would be expressed at lower levels in the
TAL1 subgroup compared to the other T-ALL subgroups, using the
dataset published by Liu et al. (10). Gene expression levels were
remarkably comparable between TAL1 and non-TAL1 subgroups
and were consistently low compared to TCF12 (Figure 6B). We
then searched the Pediatric Cancer Genome Project (https://www.
stjude.cloud) (89) that covers more diversified cancer types, in
order to compare expression levels for these seven genes in T-ALL
(10), B-ALL (90) and brain tumors (Figure 6D). Strikingly,
CDKN1A expression is five-and four-fold lower in T-ALL
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compared to B-ALL and brain tumors, respectively (Figure 6D).
In addition, four other TSGenes are expressed at two- to eight-fold
lower levels in T-ALL compared to brain tumors and/or B-ALL
samples: NEDD4L, PLCB3, APC and ZMYND11 (Figure 6D).
These expression patterns contrast sharply with those of LCK
which is highest in T-ALL as expected (Figure S6C), RUNX1
which is equally expressed in T- and B-ALL but not in brain
tumors, or JAK1, encoding a non-receptor tyrosine kinase, which is
higher in B-ALL compared to the other two groups, and finally
NAXE, encoding a metabolic enzyme which is expressed in all three
types of pediatric cancers with modest but significantly lower levels
in B-ALL (Figure S6B). Overall, low expression levels of HEB
target TSGenes in primary human T-ALL samples concur with
decreased HEB function in T-ALL compared to B-ALL and brain
tumors, the three most frequent pediatric cancers, and a tumor
suppressor function for HEB in pediatric T-ALL. Of note, these
potential TSGenes are rarely mutated or deleted in T-ALL. Rather,
these TSGenes are expressed at much lower levels in T-ALL
compared to the other pediatric tumors.

3.6.3 Cdkn1a Deletion Accelerates SCL-LMO1-
Induced T-ALL
Cdkn1a, a typical target of E2A and Id (41, 86, 91, 92) is part of
the gene set that is downregulated at the b-selection checkpoint
(Figure S6C) (93). p21Cdkn1a mediates G1 arrest by inhibiting
CDK1 and CDK2 and loss of CDKN1A is a predictor of poor
outcome in renal cell carcinoma (94). In agreement with our
results (Figurse 6C, D), CDKN1A was found to be very low in
human T-ALL (95). We therefore addressed the functional
implication of Cdkn1a in this mouse model of SCL/TAL1
human T-ALL. We first confirmed that both E2A and HEB
occupy the Cdkn1a promoter in primary DN thymocytes
(Figure 6E, left panel). Moreover, Cdkn1a expression was
nearly abrogated in Heb/Tcf12-deficient DN thymocytes
(Figure 6E, right panel), indicating that HEB is a major
transcriptional regulator of Cdkn1a at this developmental stage
in the thymus. Treatment of thymocytes with phorbol 12-
myristate 13-acetate (PMA) leads to activation of protein
kinase C (PKC) which phosphorylates RAF and activates the
ERK-MAPK pathway, and thus can be used to emulate pre-TCR/
TCR signalling (96). We observed that Cdkn1a levels were
significantly down-regulated in DN3 cells incubated with PMA
for 6 hours (Figure S6D), consistent with the view that pre-TCR
signals down-regulate p21 through the ERK-MAPK pathway (84,
96). In mouse leukemias, Cdkn1a expression was decreased in
pre-LSCs compared to wild-type DN3a thymocytes and was
further reduced in leukemic cells, in both Cd3e+/+ and Cd3e-/-

leukemias (Figure 6F). Finally, we observed that T-ALL onset
was accelerated by 37 days in Cdkn1a-deficient mice
(Figure 6G), compared to the 53 day acceleration found in
Heb/Tcf12+/- mice, confirming a tumor-suppressor function for
Cdkn1a (Figure 6G). Of note, Cdkn1a was haplosufficient in this
genetic assay (Figure 6G), indicating that a reduction threshold
must be attained for leukemic progression to occur. These results
concur with the stepwise decrease in Cdkn1a in pre-LSCs and in
leukemic blasts at time of overt leukemia, indicating that p21 is a
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threshold-dependent tumor suppressor in T-ALL. In summary,
our genetic approach indicates that in the absence of a
hyperactive NOTCH1 and of pre-TCR signaling, progression
to acute leukemia in SCL-LMO1-induced T-ALL involves the
downregulation of a tumor suppressor network implicating HEB
and p21CDKN1A (Figure 6H).
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4 DISCUSSION

In the present study, we provide genetic evidence for differing
requirements of NOTCH1, pre-TCR signaling and HEB in
driving progression to T-ALL. By quantifying two disease
endpoints, T-ALL penetrance and disease latency, i.e. the
A

C

D

E

F

G

H

B

FIGURE 6 | HEB controls a tumor suppressor network in T-ALL. (A) Strategy of tumor suppressor identification amongst HEB target genes that are mutated in
Cd3e-/-SCLtgLMO1tg leukemic cells. (B) Enrichment in E boxes within the proximal promoter regions of HEB target genes. (C, D) Expression levels of the indicated
TSGenes in TAL1+ vs other molecular subgroups in pediatric T-ALL dataset from Liu et al. (C) and in T-ALL, B-ALL and brain tumors from the Pediatric Cancer
Genome Project cohort (D). (E) Chromatin immunoprecipitation of Cdkn1a promoter with HEB and E2A in DN thymocytes. The Rag1 promoter and Rag2 enhancer
are included as positive controls (left panel) and RT-PCR analysis of Cdkn1a expression in DN and DP thymocytes in wt and Heb/Tcf12 knockout mice. Amplified
bands were revealed by hybridization with an internal 32P-labeled oligonucleotide fragment (right panel). (F) Quantitative RT-PCR analysis of Cdkn1a expression in
Cd3e-/- DN3 cells, pre-LSCs and leukemic cells. (G) Kaplan-Meyer survival curves of SCLtgLMO1tg T-ALL with partial and complete loss of Cdkn1a. (H) A tumor
suppressor network downstream of HEB or E2A validated by chromatin immunoprecipitation. HEB is autoregulatory but not E2A. *p value < 0.01; ****p value <
0.0001
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median time to overt leukemia, we show that in the context of the
SCL and LMO1 oncogenes, the hyperactive Notch1 oncogene on
its own determines disease penetrance even in the absence of pre-
TCR signaling. Despite the apparent sufficiency of the three
oncogenes, SCL, LMO1 and Notch1, an active pre-TCR
accelerates the time of onset to 29 days, which is the time
required for a single leukemic stem cell to induce T-ALL upon
transplantation as shown previously (4). Therefore, SCL and
LMO1 acting in synergy with two essential signaling pathways in
thymocyte development are sufficient to transform a normal
DN3a thymocyte into a fully transformed leukemia initiating
cell. Moreover, our data indicate that Notch1 and Heb operate in
the same genetic pathway, and mono-allelic deletion of Heb can
recapitulate the capacity of the Notch1 oncogene to cause a fully
penetrant disease in the absence of pre-TCR signaling.

4.1 Pre-TCR Signaling and Lower
HEB Levels as Major Drivers of
T-ALL Progression
While pre-TCR signaling has been shown to modulate the
aggressiveness of T-ALL in several mouse models, the pre-TCR
is dispensable for T-ALL induced by E47- or Trp53-deficiency
(97, 98). Hence, the importance of the pre-TCR in T cell
transformation induced by oncogenic events remained to be
clarified. We propose that the importance of pre-TCR signaling
depends on the primary oncogenic transcription factor. Previous
transcriptome analyses of pediatric T-ALL identified five
molecular subgroups and showed that the TCR signaling
pathway is significantly enriched in the TAL1 group while
other KEGG pathways related genes were more generally
distributed within the other molecular subgroups (9). We now
provide evidence that b-selection but not antigen-specific TCR
signals are collaborating events. Indeed, the pre-TCR drives cell
proliferation, which is required not only for clonal expansion but
also for DN-DP differentiation (99) and thymocyte survival (100).
A pre-T cell receptor lacking the TCR beta variable domain
causes an expansion of the DP population that precedes overt T
cell leukemia, suggesting that abnormal pre-TCR function can be
oncogenic (101). In addition, the pre-TCR signal is important for
Notch1/ICN1, Notch3- and TEL-JAK2-induced leukemias (74,
102, 103), indicating that developmental processes required for
normal thymocyte development can be implicated in the
pathogenesis of T-ALL (75). In the present study, even though
T-ALL can develop in the absence of Cd3e and of Notch1
mutations, our transcriptomic comparison of preleukemic cells
with fully transformed leukemic cells indicate a reactivation of b-
selection during the progression to T-ALL. The signal strength
providing progression to CD4+CD8+ DP T-ALL can either
originate from a hyperactive Notch1 allele or the deletion of a
single Heb allele. Our data provide compelling evidence for the
importance of signal strength of NOTCH1 or HEB in driving the
DN to DP transition associated with leukemogenesis.

The pre-TCR complex induces Id expression and consequently
inhibition of E protein activity suggesting that the pre-TCR
functions upstream of E proteins (81). Nonetheless, E2a-
deficient mice develop T-cell lymphomas (42, 45), associated
with Notch1 mutations within the PEST domain (104),
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suggesting that E2a is not downstream of Notch1. Rather, the
latter observations suggest that Notch1 and E2a operate in parallel
pathways. Moreover, Hebmay function parallel to or downstream
of the pre-TCR (51). Since NOTCH1 and pre-TCR functions are
cooperative during b-selection (11), and both are believed to affect
E protein function (81, 105, 106), pre-TCR signaling becomes a
confounding factor in assessing the contribution of NOTCH1 and
of E proteins in leukemogenesis. Using Cd3e-/- mice in which pre-
TCR function is abrogated, we now show that oncogenic Notch1
controls disease penetrance in SCL-LMO1-induced T-ALL while
the pre-TCR signal governs the time of leukemia onset. Last, our
data indicate thatHeb but not E2a operate in the same pathway as
Notch1 since monoallelic deletion of Heb does not affect Notch1-
induced T-ALL but accelerates the disease induced by SCL-LMO1
in Cd3e-sufficient mice. Finally, loss of one Heb allele in Cd3e-
deficient mice compensates in part theNotch1 oncogene to restore
full penetrance to T-ALL induced by SCL and LMO1.

4.2 A Matter of Gene Dosage: Inactivation
of HEB Targets in T-ALL by Down-
Regulation or Deleterious Mutations.
We and others previously showed that the SCL transcription
factor heterodimerizes with E2A or HEB, thereby inhibiting
target gene expression such as Cd4 and Ptcra and thymocyte
differentiation (39, 40, 50). Nonetheless, E47 deficiency promotes
the aberrant development of Rag1 null thymocytes and
appearance of DP cells (84), similar to the appearance of a
minor population of DP cells reported here in Cd3e-deficient
thymocytes lacking one Heb allele.

E proteins are negatively regulated by ID proteins, another
class of bHLH protein. At the b-selection checkpoint, the
activation of RAS extracellular-signal-related kinase (ERK)–
MAP kinase pathway upregulates ID proteins that bind to E
proteins preventing their transcriptional activity (84). E2A
inhibits proliferation and differentiation at the b-selection
checkpoint in the absence of pre-TCR expression (84),
suggesting that inhibition of E2A via Id3 would enforce the
two distinctive functional outputs of pre-TCR signaling in
favoring both cell proliferation and differentiation. However,
Id2 and Id3 suppress lymphomagenesis (107), suggesting a
necessary balance of E protein/ID levels during thymocyte
differentiation. Partial redundancy may explain that both E2a
and Heb are haplosufficient for thymocyte differentiation during
steady-state conditions. Nonetheless, the oncogenic stress
induced by SCL and LMO1 in thymocytes reveal Heb
haploinsufficiency at the DN to DP transition, more specifically
at the b-selection checkpoint revealing at the same time that E2a
cannot compensate for Heb in stress-response, despite their
quasi-redundancy during steady-state conditions.

Our results also bring out the importance of monitoring
protein levels in primary tumors, since inactivation of tumor
suppressors via protein downregulation could represent a
distinct mechanism driving T-ALL.

Master regulators of hematopoietic lineages have been
implicated in tumor suppressor function, as reported for C/
EBPa (108, 109) and SPI1/PU.1 in acute myeloblastic leukemia
(AML) (110) or PAX5 loss of function in B-ALL (90, 111). While
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E2A/TCF3 is annotated as a tumor suppressor gene (TSGene 2.0)
with direct experimental and clinical evidence, HEB/TCF12
tumor suppressor function has been overlooked, despite the
critical role of HEB in the T lineage (reviewed in (4, 112)).
Due to a non-redundant function to enforce T lineage (36) and at
multiple stages of T cell differentiation, we propose that the
essentiality of HEB precludes the possibility of identifying loss of
function mutations in hematopoietic malignancies. Our study
reveals the possibility of temporary loss of function via
downregulation of HEB protein levels. Moreover, our analysis
of the PCGP cohort identifies decreased gene expression levels in
T-ALL compared to other pediatric cancers for at least five
TSGenes that are HEB targets, regardless of the T-ALL
molecular subgroup (9). In addition to well documented
genetic alterations of tumor suppressor genes, our study
indicates that reduced expression levels of multiple tumor
suppressor genes could also contribute to the process of
tumorigenesis, as illustrated here for CDKN1A.

4.3 HEB Controls a Tumor Suppressor
Network in T-ALL that Includes CDKN1A
Cdkn1a is a well known E2A and HEB target (44) and tumor
suppressor gene (113). More recently, the Cdkn1aSUPER mouse is
shown to be more resistant to transformation and exhibit a
strong cancer protection phenotype, establishing a direct gene
dosage-dependent tumor suppressor function for CDKN1A (87).
Our observations indicate that Cdkn1a is down regulated by the
SCL-LMO1 oncogenes during the pre-leukemic stage and further
down regulated during progression to T-ALL. In Cd3e-deficient
T-ALL, our data point to the down-regulation of Cdkn1a as part
of the selective pressure to activate molecular mechanisms
underlying the b-selection process and drive progression to T-
ALL. Supporting this hypothesis, CDKN1A gene expression
levels in the PCGP cohort is on average six- to seven-fold
lower in pediatric T-ALL compared to B-ALL, AML or brain
tumors. In addition to mRNA downregulation, p21Cdkn1a can
also be phosphorylated and degraded via ubiquitin-dependent
and ubiquitin-independent proteolysis (113). Much like HEB,
the CDKN1A gene is not subject to copy number variations nor
deleterious mutations in hematopoietic malignancies. Rather,
CDKN1A levels can be downregulated at the mRNA level, as
illustrated here, or at the level of protein stability.

HEB and E2A exert an anti-proliferative function in
thymocytes prior to Tcrb rearrangement, required for the
formation of a functional pre-TCR (44), consistent with a
tumor suppressor function reported here for HEB. In addition
to a well-timed restriction in cell proliferation, it remains possible
that tumor suppression involves additional molecular functions
secured either by HEB or HEB downstream targets, as reported
for TP53 (114). In addition to CDKN1A, HEB and E2A co-occupy
three TSG loci, APC, a haplo-insufficient tumor suppressor,
ZMYND11 a chromatin reader and tumor suppressor in breast
cancer (115) and CUX1, a homeodomain transcription regulator
and haploinsufficient tumor suppressor (116). HEB is also found
to occupy three other TSGenes, MYBPP1A, potentially involved
in nucleolar stress, NEDD4L, an E3 ligase with tumor suppressor
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function (117) and PLCB3, encoding phospholipase C beta 3
(phosphatidylinositol-specific), involved in G-protein-linked
receptor-mediated signal transduction (Figure 6H). These
additional targets may account for the more prominent role of
HEB as a tumor suppressor in response to the oncogenic stress
induced by SCL and LMO1, exactly at the b-selection checkpoint
controlled by HEB. Beyond the SCL/TAL1 molecular group, five
HEB target-TSGenes are down regulated in T-ALL compared to
other pediatric tumors. In T-ALL, we propose that HEB controls
a network of tumor suppressor genes to mitigate the oncogenic
stress occurring at the b-selection checkpoint. Unlike classical
tumor suppressors, these genes are not inactivated by genomic
deletion or deleterious mutations but are down-regulated at the
mRNA or at the protein levels. This mechanism cannot be
detected by assessing DNA copy number variation or whole-
genome sequencing, as exemplified by the total absence of HEB
copy number loss or point mutations in T-ALL. In this context,
future large-scale proteomics studies in primary tumors will be
able to address whether downregulation of HEB protein is a
recurrent event in human T-ALL.
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T Lymphocyte Acute Lymphoblastic Leukemia (ALL) is an aggressive disease arising from
transformation of T lymphocytes during their development. The mutation spectrum of T-
ALL has revealed critical regulators of the growth and differentiation of normal and
leukemic T lymphocytes. Approximately, 60% of T-ALLs show aberrant expression of
the hematopoietic stem cell-associated helix-loop-helix transcription factors TAL1 and
LYL1. TAL1 and LYL1 function in multiprotein complexes that regulate gene expression in
T-ALL but they also antagonize the function of the E protein homodimers that are critical
regulators of T cell development. Mice lacking E2A, or ectopically expressing TAL1, LYL1,
or other inhibitors of E protein function in T cell progenitors, also succumb to an
aggressive T-ALL-like disease highlighting that E proteins promote T cell development
and suppress leukemogenesis. In this review, we discuss the role of E2A in T cell
development and how alterations in E protein function underlie leukemogenesis. We focus
on the role of TAL1 and LYL1 and the genes that are dysregulated in E2a-/- T cell
progenitors that contribute to human T-ALL. These studies reveal novel mechanisms of
transformation and provide insights into potential therapeutic targets for intervention in
this disease.

Keywords: Leukemia, E protein, TAL1, LYL1, murine, T lymphocyte
INTRODUCTION

T cell acute lymphoblastic leukemia (T-ALL) is an aggressive disease that accounts for 15% of
pediatric and 25% of adult leukemia cases (1). These leukemias can be grouped into subtypes based
on their unique gene expression profiles and response to therapy with subtypes mirroring known
stages of T cell development (2–4). Consistent with these heterogeneous phenotypes, mutations in,
or altered expression of, genes encoding multiple transcription factors (cMYC, IKZF1, GATA3,
TCF7, LEF1), epigenetic regulators (EZH2 and PHF6), cytokine receptors (IL7R and FLT3), cell
cycle regulators (CDKN2A and CDKN2B), and signaling proteins (PTEN) have been identified in
subsets of human T-ALL (5–7). Despite this heterogeneity, there are oncogenic pathways that are
dysregulated broadly across multiple T-ALL subtypes. In particular, mutations that impact the
Notch signaling pathway are present in approximately 80% of T-ALL (8). Approximately 60% of T-
ALL cases also have mutations that augment expression of the transcription factors T acute
org April 2022 | Volume 13 | Article 885144139
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Parriott and Kee E2A Suppresses T-ALL
lymphoblastic leukemia antigen 1 (TAL1), also called Stem Cell
Leukemia (SCL), and lymphocytic leukemia antigen 1 (LYL1)
(9). The high frequency of NOTCH1, TAL1 and LYL1
dysregulation indicate that these pathways impact key
processes underlying T cell homeostasis at multiple stage of
development and make them attractive targets for therapeutic
intervention. Indeed, NOTCH signaling inhibitors have been
designed and tested in clinical trials and show some utility for
treatment of T-ALL (10). Unfortunately, the broad expression of
NOTCH1 has limited the utility of NOTCH1 inhibition as a
single agent for treatment of T-ALL, although recently described
inhibitors have had some success (10). Nonetheless, ongoing
studies taking advantage of partial Notch signaling inhibition
combined with targeting other essential pathways is a promising
approach for future therapeutics (11). A better understanding of
the mechanisms leading to leukemogenesis and the sensitivity of
leukemias to inhibition of oncogenic pathways will help to
develop novel therapeutics to intervene in this disease.

TAL1 and LYL1 are basic helix-loop-helix (bHLH) proteins
that bind DNA in association with the E protein transcription
factors (12). The E proteins form homodimers that are critical for
B and T lymphocyte development and dimerization with TAL1
or LYL1 alters E protein DNA binding specificity and promotes
interactions with unique transcriptional complexes (13–15).
Therefore, while TAL1:E protein or LYL1:E protein dimers in
T-ALL regulate leukemia-associated genes, expression of TAL1
and LYL1 can also interrupt the function of E protein
homodimers. There is substantial evidence in mice to suggest
that inhibition of E protein function is sufficient to promote T
cell progenitor transformation (16–19). These mouse models
recapitulate features of their human T-ALL counterparts such as
recurrent mutations in the Notch1 gene and a requirement for
Notch signaling for their survival (20–22). In this review we will
discuss the mechanisms driving the genesis and maintenance of
T-ALL with a focus on the insights gained through studies in
E2a-deficieint mice.
E2A PROTEINS IN LYMPHOPOIESIS

The Tcf3 (E2a) gene encodes 2 bHLH proteins (E12 and E47)
through alternative splicing of exons encoding the bHLH
domain (13). The HLH domain is involved in dimerization
with other HLH proteins and the basic region is largely
responsible for DNA binding, although some DNA contacts
are made with the HLH domain (12). The bHLH domains of E12
and E47 share approximately 80% identity and they bind the
same DNA motif, although with differing affinity, and interact
with the same proteins (23, 24). There are two additional genes
encoding for E proteins in humans and mice, TCF12 (HEB) and
TCF4 (E2-2), that each code for two E box binding proteins
through alternative transcription start sites, resulting in proteins
with differing activation domains but identical bHLH domains
(25). Other proteins that dimerize with E proteins include the
Class IV HLH proteins (ID1-4), which lack a DNA binding
domain and therefore prevent E proteins from stably binding
Frontiers in Immunology | www.frontiersin.org 240
DNA, and Class II bHLH proteins, which are largely cell type
specific (i.e. MYOD in muscle cells and TAL1 in hematopoietic
stem cells) (12). E proteins are broadly and constitutively
expressed and are generally found in complexes with tissue-
restricted Class II proteins. However, E proteins function as
homodimers in lymphocytes; E2A homodimers predominating
in B lymphocytes and dimers of E2A and HEB being prevalent in
T lymphocytes (13, 25). Consistent with this, E2a-/- mice have
severe defects in lymphopoiesis with a complete lack of B
lymphocytes and a 3-5X decrease in thymocyte numbers prior
to the onset of leukemogenesis (16, 17, 26, 27). Tcf12-deficiency
or Tcf4-deficiency also impacts T cell development but to date,
neither of these deficiencies is sufficient to promote T-ALL like
disease (25, 28–30).

An advantage of studying T-ALL in mice is that we can track
progenitors prior to the onset of disease and discern the impact
of these mutations on T cell development as well as on
leukemogenesis (Figure 1). TAL1, and by analogy its E protein
partners, plays a critical role in specification of hematopoietic
stem cells (HSCs) from hemangiogenic endothelium but TAL1 is
not essential for HSC survival after HSC development (31, 32).
However, post HSC specification, TAL1 plays important roles in
megakaryocyte differentiation and erythropoiesis (33, 34). LYL1
is not essential for HSC specification, although it becomes
essential when TAL1 is limiting, indicating that these proteins
have some redundant functions (35). ChIP-seq experiments with
TAL1 and LYL1 in HSC-like cell lines revealed extensive overlap
in their binding sites indicating that these proteins regulate an
overlapping set of genes (36). In E2a-/- mice, HSC specification is
intact but lymphopoiesis is impacted at the stage when HSCs
become specified to the lymphoid fate with fewer lympho-
myeloid primed progenitors (LMPPs) and a failure to initiate
expression of multiple lymphoid genes (37, 38). In LMPPs E2A
likely functions in cooperation with LYL1 since Lyl1-/- mice have
a strikingly similar phenotype to E2a-/- mice at this stage (39). In
contrast, TAL1 antagonizes T lymphocyte specification within
the HSC and LMPP populations (40). Therefore, despite the
similarity in TAL1 and LYL1 structure and their overlapping
function in HSC specification, these proteins function in an
opposing manner to regulate lymphoid specification. Given the
roles of E2A, TAL1 and LYL1 in T-ALL, we anticipate that
understanding how these proteins control lymphocyte
development will provide insights into the mechanisms that
drive lymphopoietic alterations and transformation.

E2A proteins are required for proper expression of Notch1 at
the inception of T cell development (37, 41). Consistent with this,
when E2A-/- multipotent progenitors are cultured under T cell
differentiation conditions in vitro they fail to generate T cells
unless they are transduced with a NOTCH1 producing retroviral
vector (42). E2a-/- DN2 thymocytes struggle to enter the T cell
lineage and fail to control the expression of GATA3, which is
substantially elevated in E2a-/- DN2 and DN3 thymocytes (43).
This elevated expression of GATA3 contributes to diversion of
these cells toward the innate lymphoid lineages, which is
particularly evident when E2a and Heb are both deleted or
when ID1 is over expressed in T cell progenitors (43–46).
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Indeed, heterozygous deletion of Gata3 restores differentiation of
E2a-/-DN2 cells into the T cell lineage (43). Ectopic expression of
GATA3 under the control of the CD2 promoter is able to
promote T cell transformation suggesting that this failure to
repress Gata3 could be a key event in the generation of E2a-/-

leukemias (47). In established E2a-/- leukemia lines re-expression
of E2A proteins alters the transcription of numerous genes
including Gata3, which is indirectly regulated by E2A-
mediated induction of GFI1B (48). Whether GFI1B, alone or
in combination with the related transcription factor GFI1,
functions to dampen Gata3 expression at the inception of T
cell development remains to be fully explored but it is notable
that both Gfi1b-/- and Gfi1-/- mice have defects in T cell
development that overlap with those of E2a-/- mice (49, 50).
During B cell development Gata3 is repressed by EBF1
suggesting that GFI1/GFI1B and EBF1 might play similar roles
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in progenitors prior to their entry into the T and B cell
developmental pathway with EBF1 leading to more severe, or
sustained, repression of Gata3 (51).

The few T cell progenitors that develop from E2a-/- DN2
thymocytes highly express LEF1, an effector of the Wnt signaling
pathway, and LEF1 is required for the survival of E2a-/-

leukemias (52, 53). LEF1 is not essential for T cell
development owing to the high expression of the related
transcription factor TCF1 in T cell progenitors (54). Tcf7
(encoding TCF1) is regulated by NOTCH1 and plays a major
role in T cell lineage specification (55, 56). TCF1 is expressed in
E2a-/- thymocytes despite the increased expression of LEF1;
nonetheless, LEF1 impacts E2A-/- T cell development. Indeed,
deletion of Lef1 from E2a-/- T cell progenitors results in a
profound loss of DN3 thymocytes while, surprisingly, not
affecting overall T cell numbers (53). These findings suggest
FIGURE 1 | Schematic representation of T cell development in WT and E2a-/- mice. T cell development in WT mice is depicted in the top half of the figure. Tal1:E2A
(or E protein) dimers are prevalent in HSCs and decline as progenitors differentiate toward the T cell lineage. At the time of thymic commitment E2a:HEB dimers
dominate. NOTCH1 and GATA3 start to be expressed upon thymic entry, along with TCF1 (not depicted) under the influence of NOTCH1 ligands in the thymus.
LEF1 expression initiates with commitment to the T lymphocyte lineage but remains low throughout T cell development. T cell development in E2a-/- mice is depicted
on the lower half of the figure. Here, Tal1:HEB or E2-2 dimers control early hematopoiesis resulting in a reduced number of thymic seeding progenitors that can only
express HEB : HEB or E2-2 dimers after extinction of TAL1 expression. GATA3 expression is high and diverts progenitors toward the ILC/NK fate. Mutations in the
Notch1 gene accumulate and LEF1 is expressed at very high levels. Combined, these alterations in NOTCH1, GATA3 and LEF1 contribute to T cell transformation.
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that LEF1 plays a role in controlling the maturation of E2a-/- T
cells. Lef1 mRNA is elevated in multiple mouse models that
develop T-ALL, and as described later in this review, LEF1 can
play both oncogenic and tumor suppressor roles in these models
depending on the timing of its expression (53, 57–60). In the
following sections we will discuss the known contributions of the
E2A interacting proteins TAL1 and LYL1 and the genes
dysregulated in E2a-/- thymocytes to human and murine T-ALL.
TAL1 AND LYL1

TAL1 was identified as a gene involved in the t(1:14) and t(1;7)
chromosomal translocations in T-ALL, which place TAL1 under
the control of the TCRA/TCRD or TCRB locus, respectively (61–
63). LYL1 was also identified through a chromosomal
translocation in T-ALL in which LYL1 on chromosome 19 is
juxtaposed to the TCRB constant regions on Chromosome 7 (64).
These translocations are found in approximately 3-7% of TAL1/
LYL1+ T-ALL cases, however, there are frequent alterations at the
TAL1 locus in T-ALL including deletions such as TAL1d, which
arises from a site-specific DNA recombination event causing a
90kb deletion upstream of TAL1 (62). These deletions place the
coding region of the TAL1 gene downstream of regulatory
elements in the SCL interrupting locus (STIL). The STIL
regulatory elements are constitutively active in thymocytes,
resulting in ectopic TAL1 expression. These TAL1 upstream
Frontiers in Immunology | www.frontiersin.org 442
deletions are specific for T-ALL cells and are most likely caused
by erroneous V(D)J recombinase activity (65, 66). Alterations in
the TAL1 gene that result in ectopic T lymphocyte expression of
TAL1 are now recognized to be present in as many as 60% of T-
ALL (1). While these genomic alterations account for a majority of
T-ALL associated TAL1 expression, a subset of patients have
ectopic TAL1 expression without these alterations. Studies into
the mechanisms of TAL1 deregulation in these patients revealed
small insertions (<20bp) in a region 8kb upstream of TAL1 that
create a de novo MYB binding site that results in strong enhancer
activity in these leukemias (67). Chromatin immunoprecipitation
followed by high throughput sequencing (ChIP-seq) experiments
showed that MYB binds to this novel site along with chromatin
remodelers and other components of the DNA transcriptional
machinery. Deletion of the novel MYB binding site abrogated
MYB binding and significantly reduced TAL1 expression. MYB is
highly expressed in thymocytes and MYB is often dysregulated in
cancer and thus this mutation can lead to robust TAL1
transcription in leukemic cells (68). Taken together, these
findings outline multiple mechanisms leading to the errant
expression of TAL1 in T-ALL (Figure 2).

TAL1 positive leukemias frequently express CD4 and CD8
and have a cortical phenotype similar to what is observed in
E2a-/- mice (2, 16, 17, 69). In mice, expression of TAL1 under the
control of the Lck promoter, which drives gene expression early
in T cell development, is sufficient to predispose mice in T-ALL-
like disease (70). That TAL1 functions through sequestration of
FIGURE 2 | The TAL1 genomic locus and mutations leading to ectopic expression in T lymphocytes and T-ALL. The WT TAL1 locus is depicted downstream of the
STIL gene. TAL1 transcription is increased in T lymphocytes through genomic translocation into the TCRB/A/D locus, through genomic deletions bringing the STIL
enhancer close to TAL1 or through insertions that create a novel MYB binding enhancer upstream of TAL1.
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E protein is implied by studies that showed that TAL1-driven
leukemia is not dependent on the DNA binding ability of TAL1
(18). Moreover, transgenic expression of ID1 or ID2, which
prevent E proteins from binding to DNA, also predisposes mice
to develop a T-ALL- like disease (19, 71). It is also notable that
Lck-TAL1 promotes leukemia in a dose-dependent manner that
is augmented by deletion of the E proteins encoded byHeb/Tcf12
indicating that E protein dose is a major determinant of
leukemogenesis in this model (18). Analogous to what is
observed in Lck-TAL1 transgenic mice, ectopic expression of
LYL1 in T cell progenitors blocks the formation of E-protein
homodimers, suppresses the expression of E2A-dependent
genes, and leads to T-ALL like disease (69, 72). These findings
suggest that at least a part of the mechanism through which
TAL1 and LYL1 promote leukemogenesis is through inhibition
of E protein homodimer function. However, LYL1+ and TAL1+

leukemias have unique gene expression profiles and LYL1+

leukemias tend to be related to immature CD4-CD8- T cell
progenitors (2). These observations suggest that LYL1 and TAL1
have unique functions or that they are expressed in different
cellular contexts, either distinct stages of development or stages
of transformation. Interestingly, nearly 30% of pediatric TAL1+

T-ALL patients have heterozygous loss-of-function mutations in
USP7, a deubiquitinating enzyme that interacts with E proteins,
and other leukemia-associated proteins, and is associated with
decreased E protein target gene expression and increased cell
growth (73). Therefore, there appears to be multiple mechanisms
contributing to reduced E protein function in T-ALL.

While inhibition of E protein function is sufficient to
predispose T cell progenitors to transformation, TAL1 and LYL1
may contribute to transformation through their participation in
transcriptional complexes that activate or inhibit gene
expression. In hematopoietic progenitors and T-ALL, both
TAL1 and LYL1 bind DNA in large complexes that include the
LMO (LIM only), LIM domain binding (LDB1), and GATA
protein families (74–78). Indeed, LMO proteins are critical
members of the TAL1 complex, acting as bridging factors that
connect TAL1 to other DNA binding proteins like GATA1/2/3
(79). This is of particular interest because LMO proteins are
overexpressed in approximately 10% of T-ALLs and these
leukemias frequently have TAL1 overexpression (1). In a subset
of pediatric (3.7%) and adult (5.5%) T-ALL the LMO2 gene
contains intronic indels that result in de novo binding sites for
the leukemia-associated transcription factors MYB, ETS1 or
RUNX1 and thus dysregulated LMO2 expression (80).
Interestingly, both TAL1 and LMO1 or LMO2 are required to
induce reporter activity in T-ALL cell lines (81). Experiments in
human T-ALL cell lines have been vital to elucidating the core
components of the TAL1 complex in leukemia. ChIP-seq in these
lines has identified E2A, GATA3, LMO1/LMO2, RUNX1, and
MYB as co-bound to TAL1 bound regions suggesting multi-
transcription factor complex formation (82). Using siRNA to
knock down TAL1 or other members of the TAL1 complex,
Sanda et al. identified genes regulated by this complex in
leukemias (83). Interestingly, expression of the genes that make
up the TAL1 complex is decrease upon TAL1 siRNA
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knockdown. This finding suggests a positive feed-forward
mechanism where the oncogenic TAL1 complex promotes
expression of itself, in addition to promoting expression of
other known oncogenes. TAL1-dependent genes include MYB,
which positively regulates cell cycle and anti-apoptotic genes,
TRIB2, which supports the survival of T-ALL cell lines, and
ARID5, a gene associated with a variety of leukemias (83–85). Of
note, the oncogenic microRNA miR-223 is also decreased after
reducing TAL1 and ChIP-seq revealed that the TAL1 complex
binds to a putative enhancer near this gene (86).

There is evidence indicating that LYL1 forms oncogenic
complexes similar to TAL1. Indeed, Jurkat cells forced to
express LYL1, LMO2 and LDB1 induced robust target gene
expression that was dependent on LMO2 and LDB1 (77).
Further, LMO2 is frequently overexpressed in TAL1 expressing
leukemias but in LMO2 transgenic mice TAL1 is dispensable for
leukemogenesis (87). In contrast, deletion of Lyl1 significantly
increases leukemia latency in LMO2 transgenic mice suggesting
that LYL1 supports transformation. Microarray analysis revealed
that LMO2 expressing thymocytes have higher Lyl1 expression
compared to wild type thymocytes indicating a potential feed-
forward mechanism reminiscent of the mechanism seen in TAL1
expressing leukemias. Consistent with this idea, the LYL1
promoter contains ETS and GATA binding sites, which
promote the expression of LYL1 in HSCs and both ETS1 and
GATA3 are implicated in T-ALL (88–90). Taken together, these
data suggest that LYL1 may function in a manner analogous to
TAL1 during T cell progenitor transformation.
NOTCH1

NOTCH1 is constitutively activated in a majority of T-ALL,
including those that overexpress TAL1, and in leukemias from
E2a-/- mice (20, 91). NOTCH1 functions as both a surface
receptor and transcription factor that is essential for T cell
development (8, 92). The ligands for NOTCH1 are members of
the Jagged and Delta-like family, with DELTA-LIKE 4 (DLL4)
being the most important in the thymus (93). NOTCH1 is
translated as a single protein that is cleaved in the Golgi to
create extracellular and intracellular components that are held
together in the membrane by heterodimerization domains (HD)
(8). Upon ligand binding the extracellular portion undergoes a
conformational change that allows cleavage by a disintegrin and
metalloprotease, which exposes a cleavage site for g-secretase,
which then cleaves and liberates the intracellular domain of
NOTCH1 (called ICN). The ICN translocates to the nucleus,
where it complexes with the DNA bound transcriptional
repressor CBF1/RBP-Jk and recruits Mastermind (MAML)
proteins to initiate the transcription of multiple genes that
promote T cell specification (8). Activation of NOTCH1 is
transient owing to the presence of a PEST sequence at the 3’
end that is recognized by the FBW7 ubiquitin ligase and targets
ICN for proteasomal degradation (94). Targets of the ICN/CBF1/
MAML complex in murine T cells includeHes1 and Tcf7, both of
all of which play critical roles in T cell development (56, 95, 96).
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Interestingly, Notch signaling also shuts down transcription of
Ccr9, which encodes a chemokine receptor involved in thymic
homing of LMPPs (97, 98). Repression of Ccr9 may trap
lymphoid progenitors in the cortex of the thymus as they
undergo commitment to the T cell lineage. Repression of Ccr9
may also explain why ectopic expression of ICN in murine HSCs
promotes T cell transformation without accumulation of these
leukemic cells in the thymus (99).

NOTCH1 was identified as an oncogene in T-ALL by its
involvement in a t(7;9)(q34;q34.3) translocation that placed the
3’ end of the NOTCH1 gene under control of the TCRB locus,
resulting in constitutive activation of NOTCH1 in T cell
progenitors (100). This translocation is present in
approximately 2% of leukemias, however, it is now appreciated
that > 60% of all human T-ALLs have mutations in NOTCH1 (8).
These mutations cluster in the heterodimerization domain (HD)
and in the PEST domain. Mutations affecting the HD domains
prevent the association of the extracellular and intracellular
portions of NOTCH1 thus allowing for spontaneous g-
secretase mediated cleavage to produce active ICN. The PEST
domain mutations promote stabilization of ICN by removing the
phosphorylation sites that lead to docking of FBW7. These
mutations are not mutually exclusive, with ~20% of human
leukemias having mutations in both domains (101). Additional
mutations have been identified that inactivate FBW7 resulting in
the constitutive stabilization of ICN (8, 102, 103). The TAL1
complex also represses FBWX7 through miRNA-223 suggesting
that there may be numerous mechanisms contributing to
stabilization of NOTCH1 in T-ALL (86).

Leukemias arising in E2a-/- mice have mutations in the PEST
domain of NOTCH1 but no mutations have been identified in
the HD domain (20). How then is NOTCH1 activated in these
leukemias? Insight into this question came when it was revealed
that alternative transcription initiation sites are used at the
Notch1 gene in Ikzf1-/- and E2a-/- leukemias (104, 105).
Multiple transcripts were identified that initiate from a cryptic
promoter upstream of exon 26 leading to a protein that lacks the
extracellular domain of NOTCH1. This cyptic promoter can be
activated by deletion of the promoter upstream of exon 1, which
occurs through a RAG1-dependent mechanism (106).
Surprisingly, in Ikzf1-/- mice, deletion of the first exon of
Notch1 did not impact T cell development, unlike what is seen
in Ikzf1+/+ mice, due to use of this alternative mechanism for
transcribing Notch1 in the absence of IKAROS. Ikzf1-/-

thymocytes have increased histone acetylation near IKAROS
binding sites located near the alternative Notch1 promoter
raising the possibility that IKAROS represses the use of this
alternative mechanism through epigenetic modification (104,
105). Potential E2A binding sites are also present within the
alternate promoter and these alternative NOTCH1 isoforms are
expressed in E2a-/- leukemias indicating that E proteins may
cooperate with IKAROS to repress alternative promoter use
(104). While E2A may repress the alternative promoter, E2A
promotes Notch1 expression in thymic seeding progenitors (42).
This deficiency in NOTCH1 could provide a strong selective
pressure for NOTCH1 mutation or altered transcription
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initiation site used to support T cell development. Genomic
deletions have also been found in mouse leukemic cells that
result in splicing of Exon 1 to downstream exons and again result
in proteins that lack the extracellular domain and are
constitutively active but dependent on g-secretase (8, 106).

The mechanisms by which NOTCH1 promotes
leukemogenesis have been studied intensively. Interestingly,
Notch signaling can impact expression of E2A, at least in mice,
where it has been shown that mitogen activated protein kinase
phosphorylation of E2A leads to NOTCH1-dependent
ubiquitination and proteasomal degradation of E2A (107, 108).
Whether this mechanism contributes to ICN induced
leukemogenesis in mice or humans requires further
investigation. In human T-ALL, a major target of Notch
signaling is c-MYC, which itself is oncogenic in T lymphocyte
progenitors (8, 109). ICN binds to an enhancer 140 Mb
downstream of c-MYC, whose activity correlates with
responsiveness to NOTCH1 inhibitors (110). Moreover,
mutation of this enhancer prevents leukemogenesis by ectopic
expression of ICN demonstrating that it is an essential target.
This enhancer is also regulated by NOTCH3 in NOTCH3-
dependent leukemias (111). It is likely that there are many
essential targets of NOTCH1 in T-ALL. Indeed, in E2a-/-

leukemias c-MYC expression is stably amplified through
trisomy at chromosome 15 and therefore does not require ICN
for expression yet these leukemias are still dependent on Notch1
signaling (16, 52).

ChIP-seq analysis for ICN has revealed multiple novel targets
of NOTCH1 in leukemia (112). ICN bound regions are in close
proximity to RUNX, ETS, and ZNF143 binding motifs and these
regions have extensive histone acetylation and H3K4me3
chromatin modifications, indicative of open chromatin and
active gene transcription (60, 112). Thus, it is possible that
NOTCH1 promotes accessibility to target gene regulatory
regions, which allows other T cell specific transcription factors
or DNA transcriptional machinery to bind and promote gene
expression. Consistent with this idea, NOTCH1 was required for
recruitment of RUNX1 andMYB to enhancers located within the
TCRG and TCRB locus (113).

Many ICN target genes, including DTX1, IGF1R, IL7R, and
GIMAP, have been identified by evaluating changes in gene
expression after treatment of leukemias with g-secretase
inhibitors (60, 109). Importantly, many of these genes are co-
regulated by T cell specific factors like RUNX and ETS1.
Deletion of RUNX1 in DN2/3 thymocytes impairs IL7R
expression (114), and expression of dominant-negative
RUNX1 and NOTCH1 inhibitors (RUNT and DN-MAML,
respectively) suppressed IL7R mRNA expression (60).
Further, ETS1 binds to multiple NOTCH1 occupied sites in
T-ALL (89). Indeed, mice overexpressing NOTCH1 fail to
develop leukemia when lacking functional ETS1 suggesting
that both of these factors are required for leukemia initiation.
ETS1 is frequently over expressed in human T-ALL samples
and cell lines indicating that ETS1 may act in concert with
NOTCH1 in the human disease as well. Indeed, shRNA–
mediated knockdown of ETS1 in human T-ALL lines
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promoted cell death and significantly down-regulated
expression of the oncogenes c-MYC and IGFR1, as well as
other NOTCH1 target genes like HES1 and DELTEX1 (89).
Understanding of the spectrum of genes induced by NOTCH1
and identifying co-regulators may reveal mechanisms that
could be targeted for treatment of T-ALL.
GATA3

GATA3 is essential for T cell specification and in its absence
multipotent progenitors fail to generate committed T
lymphocytes (115–117). Ectopic expression of GATA3 can also
derail T cell development and force T cell progenitors down
alternative lineages, such as the mast cell lineage (118). However,
transgenic expression of GATA3, under the control of the CD2
promoter, which drives expression in all lymphocytes,
predisposes mice to develop T-ALL-like disease with trisomy
of chromosome 15 and activation of NOTCH1, similar to what is
seen in E2a-/- leukemias, although with longer latency (47, 119).
GATA3 is elevated in E2a-/- T cell progenitors and has a negative
impact on the ability of DN2 cells to generate T lineage-restricted
cells (43). These findings support a role for GATA3 in T cell
leukemogenesis and implicate it as a potential contributing factor
to T cell transformation in E2a-/- mice even though this has not
been formally demonstrated. Indeed, in non-ETP-ALL GATA3
expression is elevated compared to T cells from healthy donors
and defines a stem-like progenitor (120). The mechanism by
which GATA3 promotes thymocyte transformation and
leukemia survival is not well understood. One potential
mechanism involves GATA3’s association with TAL1 as a
member of the oncogenic TAL1 complex. Indeed, siRNA
knockdown of GATA3 in T-ALL cells represses transcription
of TAL1 target genes suggesting that GATA3 is required for
proper TAL1 complex function (83). GATA3 and other
members of the TAL1 oncogenic complex also bind to the
NOTCH1-regulated enhancer downstream of c-Myc (90, 110).
Mutating the GATA3 binding sites in this enhancer impacted
nucleosome eviction and chromatin accessibility, resulting in
decreased c-MYC expression and abrogated leukemia
development in mice (90). These observations indicate that
GATA3 cooperates with TAL1 and NOTCH1 to promote
transformation through regulation of c-MYC.

In contrast to these cases of increased GATA3 expression, 5%
of T-ALL patients have silencing mutations in the GATA3 gene
(1). Consistent with this, another study found that 33% of
patients in their cohort with the ETP-ALL subtype had
reduced GATA3 expression associated with increased
methylation throughout the GATA3 gene (120). Thus, GATA3
may play multiple distinct roles in T-ALL development,
suppressing ETP-ALL or promoting T-ALL at later stages.
Decreased GATA3 expression in ETP-ALL is consistent with
GATA3’s function in promoting T cell lineage differentiation as
GATA3 silencing could contribute to a developmental block at
the ETP stage that supports transformation. It also seems likely
that GATA3 is not a driver mutation and its function may be
Frontiers in Immunology | www.frontiersin.org 745
dependent on the spectrum of additional mutations that occur
during transformation.
LEF1/TCF1

The NOTCH1 target gene Tcf7, encoding the protein TCF1, is also
implicated as a suppressor of T cell transformation (57, 121). TCF1
is a member of the HMG box family of proteins along with the
closely related protein LEF1. Both TCF1 and LEF1 can promote
transcription in response to canonicalWNT signaling activation or
repress transcription through recruitment of the Groucho related
co-repressors such as TLE3 (122, 123). In the absence of TCF1,
thymocytes have a developmental block at the ETP, DN2, and ISP
stages whereas mice lacking LEF1 have no obvious defects in DN
thymocytes (54–56, 124). Combined deletion of Tcf7 and Lef1
exacerbates the phenotype seen in Tcf7-deficient mice, leading to a
nearly complete block in T cell development (54). This observation
indicates that TCF1 and LEF1 have overlapping functions and that
LEF1 partially compensates for the loss of TCF1. In addition to the
defects seen in T lymphopoiesis, approximately 50% of Tcf7-/-mice
develop T-ALL (57, 121). Tcf7-/- leukemias are heterogeneous;
phenotypically resembling DN3, DN4, and DP thymocytes.
Despite this cell surface phenotype, RNA profiling revealed that
the transcriptome of Tcf7-/- T-ALLs is related to that of human
ETP-ALLs, which is consistent with the early requirement for
TCF1 in T cell development (57). Tcf7-/- leukemias have activated
NOTCH signaling and inhibiting this pathway with GSI at least
partially impacts their viability (121). Further, Tcf7-/- leukemias
highly express ID2 and LEF1, particularly in a subset of T cell
progenitors with a gene signature predictive of high leukemic
potential, suggesting that that suppression of E protein activity
may be a feature of transformation in this model (57, 58). Indeed,
Tcf7-/-Id2-/- mice showed an increased latency of leukemogenesis
consistent with this hypothesis.

Like Tcf7-/- leukemias, E2a-/- leukemias have high expression
of Lef1 and LEF1 is required for the survival and proliferation of
these leukemias (52). LEF1 is an oncogene in acute myeloid
leukemia and in multiple forms of B lymphocyte leukemia and it
is suppressed by TCF1 (125–128). Ectopic expression of LEF1 in
HSCs induced acute myeloid leukemia-like or B cell ALL-like
disease in mice, demonstrating LEF1’s oncogenic potential (127).
In an adult cohort of T-ALL patients, high LEF1 expression was
associated with increased expression of the oncogenes encoding
c-MYC and CYCLIN D1 suggesting that LEF1 is positively
associated with T cell leukemia (129). Moreover, 4 unique
mutations that augment LEF1 function were found in these
patients. In contrast, approximately 11% of pediatric T-ALL
patients were found to have inactivating mutations in the LEF1
gene (7, 130). These mutations consist of deletions or truncation
mutations, both resulting in lower LEF1 function. These
conflicting findings suggest that LEF1 can play multiple roles
in T cell leukemia. Indeed, while E2a-/- leukemias are dependent
on LEF1, inactivation of Lef1 in E2a-/- mice prior to
transformation did not prevent transformation; rather, it
reduced leukemia latency and resulted in leukemias with a
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unique gene expression program compared to E2a-/- leukemias
(53). Taken together, these experiments reveal that the timing of
genetic alterations in the evolution of T-ALL can determine
latency, phenotype and genetic susceptibilities within these cells.
CONCLUSIONS

T-ALL is a heterogeneous disease that is associated with
mutations in numerous T cell specific transcription factors,
epigenetic regulators, and signaling pathways. Despite this
heterogeneity, many of the mutations seen in patients impact
the function of E proteins and their target genes. Recent studies
looking at the clonal evolution of T-ALL have further indicated
that TAL1 upregulation is a founding event in the human
disease, preceding mutations in NOTCH1 (131). Thus,
understanding how reduced E protein function impacts T cell
development and leukemogenesis is highly relevant to the
human disease. The E2a-/- mouse model has revealed
connections between T cell developmental alterations and the
transformation process. For example, Notch1, Gata3, and Lef1/
Tcf7 expression are altered early in T cell development in E2a-/-

mice and contribute to transformation. The pathways regulated
by these proteins are promising candidates for therapeutic
intervention in T-ALL. Indeed, inhibitors of NOTCH1
activation or function have been in clinical trials, however
many of these inhibitors have adverse side effects due to the
many cell types that rely on Notch signaling (11, 132). Novel
NOTCH1 inhibitors that prevent the formation of the ICN
transcriptional activation complex show decreased off target
Frontiers in Immunology | www.frontiersin.org 846
effects in vivo compared to inhibitors that target NOTCH1
activation, but still induce mild intestinal toxicity (133).
Further investigation of oncogenic and tumor suppressive
pathways in murine T-ALL models, including GATA3 and
TCF1/LEF1, and their application to human leukemia may
identify novel targets that alone, or in combination with other
targets, will have fewer side effects without sacrificing anti-
leukemia efficacy.
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Immune responses are primarily mediated by adaptive and innate immune cells. Adaptive
immune cells, such as T and B cells, evoke antigen-specific responses through the
recognition of specific antigens. This antigen-specific recognition relies on the V(D)J
recombination of immunoglobulin (Ig) and T cell receptor (TCR) genes mediated by
recombination-activating gene (Rag)1 and Rag2 (Rag1/2). In addition, T and B cells
employ cell type-specific developmental pathways during their activation processes, and
the regulation of these processes is strictly regulated by the transcription factor network.
Among these factors, members of the basic helix-loop-helix (bHLH) transcription factor
mammalian E protein family, including E12, E47, E2-2, and HEB, orchestrate multiple
adaptive immune cell development, while their antagonists, Id proteins (Id1-4), function as
negative regulators. It is well established that a majority of T and B cell developmental
trajectories are regulated by the transcriptional balance between E and Id proteins (the E-
Id axis). E2A is critically required not only for B cell but also for T cell lineage commitment,
whereas Id2 and Id3 enforce the maintenance of naïve T cells and naïve regulatory T (Treg)
cells. Here, we review the current knowledge of E- and Id-protein function in T cell lineage
commitment and Treg cell differentiation.

Keywords: T cell versus ILCs, Rag gene expression, E-Id axis, T-lineage commitment, Treg differentiation
INTRODUCTION

Innate immune cells and adaptive lymphocytes cooperatively evoke immune responses aimed at
protecting our bodies from invasion of the pathogens. Innate immune cells, such as macrophages,
neutrophils, and dendritic cells, are activated by pattern recognition receptors (PRRs) that recognize
microbial components. On the other hand, adaptive lymphocyte T and B cells recognize specific
antigens through diverse antigen receptors. This specific immune response relies on the V(D)J
recombination of the immunoglobulin (Ig) and T cell receptor (TCR) genes mediated by the
recombination-activating gene (Rag1/2). The assembly of the TCR and Ig genes from the arrays of
variable (V), diversity (D), and joining (J) gene segments is initiated by a Rag1 and Rag2 protein
complex, which recognizes and cleaves the recombination signal sequences (RSSs) flanking the V,
D, and J segments of the Ig and TCR genes (1, 2). The expression of the Rag1/2 genes is stringently
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controlled. These genes are expressed only in T and B
progenitor/precursor cells, meaning that Rag1/2 expression is a
hallmark of the adaptive lymphocyte lineage.

Common lymphoid progenitors (CLPs) can give rise to T
cells, B cells, innate lymphoid cells (ILCs) including natural killer
(NK) cells, and dendritic cells (DCs). Once lymphoid progenitors
from the fetal liver or bone marrow (BM) migrate into the
thymus, they receive Notch1 receptor signaling through the
interaction with Delta-like 4 (DL4)-expressing thymic
epithelial cells and commit to the T cell lineage (3–6). After T
cell lineage commitment, TCRb and/or TCRg/d V(D)J gene
recombination is initiated in immature CD4–CD8– (double
negative; DN) cells. DN cells are divided into multiple distinct
stages distinguished by surface expression of CD44 and CD25
(DN1-4). In DN1 cells, early T cell progenitors (ETPs) are
defined by CD25–CD44+KIThi expression, and committed T
progenitor (pro-T) cells start expressing CD25 (DN2) since
CD25 is a direct target of Notch signaling. Following the
success of productive TCRb recombination in DN3 cells
(CD44–CD25+) , DN3 ce l l s s tar t pro l i f era t ing and
differentiating into DN4 cells and further into CD4+CD8+

(double positive; DP) cells (T precursor (pre-T) cells).
Recombination of the TCRg/d gene occurs concurrently with
TCRb recombination in DN2-3 cells (7). Upon reaching the DP
stage, thymocytes exit the cell cycle (resting DP cells) and start
TCRa VJ recombination (8, 9). DP cells that succeed in the
production of a functional TCRa/b undergo positive and
negative selection, which permits the developmental
progression of T cells that have acquired a TCR with moderate
affinity for self-antigens associated with major histocompatibility
complex (MHC) class I (for CD8 single-positive (CD8SP) cells)
or class II (for CD4SP cells) (10). The population of CD4SP cells
that react more strongly with self-antigens associated with the
MHC in the thymus differentiates into distinct regulatory T cells
(Tregs), which specifically express the transcription factor (TF)
Foxp3 and play an indispensable role in suppressing
autoimmunity and excessive immune responses (11). On the
other hand, innate type of T cells also arise from DP cells, which
are selected by CD1 for invariant natural killer T (iNKT) cells
and by MHC-related protein MR1 for mucosal-associated
invariant T (MAIT) cells (12, 13). In these processes,
sequential expression of an ensemble of TFs specifies the
lineage-specific gene expression program and function through
the regulation of the enhancer repertoire and activities (14, 15).
However, the precise molecular mechanisms of how lineage-
specific TFs synergistically regulate enhancer activities and how
these factors cooperatively orchestrate the changes in chromatin
architecture for appropriate gene expression remain unclear.

E proteins are basic helix-loop-helix (bHLH) TFs involved in
multiple hematopoietic developmental processes, and
mammalian E proteins include E12, E47 (from the E2A;Tcf3
gene), E2-2 (Tcf4), and HEB (Tcf12). E proteins bind to the E-
box motif (CANNTG) within the cis-regulatory element (CRE,
enhancer region) of the target genes by forming homodimers or
heterodimers. In contrast, Id proteins contain an HLH
dimerization domain but lack the basic region that is required
Frontiers in Immunology | www.frontiersin.org 252
for DNA binding and form heterodimers with E proteins,
antagonizing the DNA binding activity of E proteins and
functioning as negative regulators of E proteins (16–18). Id
proteins include Id1, Id2, Id3 and Id4, and hematopoietic cells
primarily express Id2 and Id3. It is well established that the E and
Id protein axis (the E-Id axis) regulates developmental
trajectories of adaptive lymphocytes (19–21). The E2A gene
encodes the E12 and E47 proteins, and E47 primarily regulates
B cell lineage commitment, along with Ebf1, Pax5, and Foxo1
(22, 23). For T cell lineage commitment, E2A acts in pro-T cells
along with HEB to establish a T cell-specific gene expression
program and to suppress ILC development (24–28). HEB is also
required for iNKT cell development from DP cells (29), and HEB
and E2A play an important role in positive selection of DP cells
(30). In contrast, Id3 is upregulated by pre-TCR and gd TCR
signaling through ERK-MAPK, Egr1, and NFAT and plays a
central role in ab/gd T cell fate and maturation (31–33).
Furthermore, a recent report revealed the importance of the
Notch-E2A-Tcf1 axis in ab versus gdT cell lineage bifurcation
and gdT cell function (34). In addition, E2-2 is critically required
for interferon-producing plasmacytoid DC (pDC) development,
while Id2 regulates antigen-presenting classical DC (cDC)
development by neutralizing E2-2 activity (35–37).
Furthermore, Id2 is well known as a critical regulator of the
development of all ILC subsets, including ILC1-3s, NK cells, and
lymphoid tissue inducer (LTi) cells (38, 39).

Many reviews describing the role of the E-Id axis have focused
on the lineage commitment of T and B cells and DCs and on
development of conventional T cells, NK cells, gdT cells, and
iNKT cells. In this review we focus on the roles of the E-Id axis in
T cell lineage commitment, including adaptive versus innate
lymphoid cells, and during Treg cell differentiation.
ADAPTIVE VERSUS INNATE
LYMPHOID CELLS

ILCs are a family of lymphocytes that do not have diversified
antigen recognition receptors, such as Ig and TCR, and that
primarily reside in various tissues and respond to infection,
injury and damage (40). ILCs modulate immune responses and
contribute to the maintenance of tissue homeostasis by
sustaining appropriate immune responses at mucosal barriers
and by enhancing immune responses through secretion of
inflammatory cytokines. Functional similarities regulated by a
common set of specific TFs may suggest that ILCs are the innate
counterparts of T cells. ILCs can be segregated into distinct
classes according to effector cytokine secretion and expression of
specific TFs. ILC1s, including NK cells, are characterized by
secretion of interferon-g (IFN- g) and expression of the specific
TF T-bet. ILC2s express the TF Gata3 and Th2 cytokines
(interleukin-4 (IL-4), IL-5, and IL-13). ILC3s, including LTi-
like cells, express Rorgt and secrete IL-17/IL-22 and lymphotoxin
(40, 41). Therefore, ILC1s, ILC2s, and ILC3s are counterparts of
CD4 helper TH1, TH2, and TH17 cells, respectively, while NK
cells mirror CD8 cytotoxic T cells. As well as adaptive T and B
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lymphocytes, ILCs develop from common lymphoid progenitors
(CLPs), and lineage commitment into ILCs is regulated by
sequential expression of an ensemble of TFs, including Nfil3,
Tox, Id2, Tcf1, and Gata3 (42–48). In addition, PLZF in ILC
precursors (ILCp), Bcl11b and Rora in ILC2s, and Runx3 in
ILC1s/3s are required for this process (49–52). In particular, it is
well known that Gata3, Tcf1, and Bcl11b are also required for
early T cell development (3, 53). These observations clearly show
close similarities between ILC and T cell lineages not only in
effector function but also in their development, and a
combination of these shared TFs determines effector functions
in each lineage of ILCs after passing the developmental
bifurcation of adaptive and innate lymphoid lineage
commitment. However, how these shared TFs play their
distinct roles in early T cell and ILC development remains to
be clarified. Therefore, it is important to understand what events
result in the differences between T cells and ILCs during
their development.

ILCs are derived from CLPs in the fetal liver (FL) and adult
bone marrow (BM), and differentiate into functional mature
ILCs in the resident tissues, while CD4 helper T cells and CD8
cytotoxic T cells mature in the thymus. The frequencies of ILCs,
including mature Id2- and Gata3-expressing ILC2s and PLZF-
expressing ILCps, are considerably low in the thymus of normal
adult mice (54), because the majority of thymocytes in adult
thymus are developing T cells. Consistent with a report that
Rag1/2-mediated TCR recombination is dispensable for ILC
development (55, 56), we and another group observed both the
absence of D-J and V-DJ recombination of the TCRb gene in
ILC2s from wild-type lung tissue and aberrant ILC2s in the
thymus from E2A/HEB-deficient mice (28, 57). According to
these observations, the cell fate of the T versus ILC lineage must
be principally determined by the thymic microenvironment.
Notch signaling is one of the most likely external or
environmental factors that distinguish T cells from the ILC
lineage. In the absence of DL4 in thymic stromal cells, aberrant
ILC2s are observed in the thymus, and constitutive Notch
signaling completely blocks the ILC lineage in vivo. However,
the proliferation of committed ILC precursors require mild to
moderate Notch signaling, and short exposure to a Notch ligand
combined with a high amount of IL-7 in CLPs leads to ILC2
generation in vitro (6, 58). Interestingly, recent studies have
revealed an unexpectedly close relationship between T cells and
ILCs (57, 59). Specifically, ILCps in BM express high levels of
TCRb constant region transcripts, and a proportion of tissue-
resident ILC2s have undergone TCRg gene recombination and
express high levels of mRNAs of TCRb and TCRg4 constant
regions (Cb1/2 and Cg4); however, the frequency of these TCRg
gene recombination is low, compared to that in gdT cells, and the
recombination in these cells are nonfunctional (28, 57).
Consistent with this observation, a high level of mRNA
expression and broad chromatin accessibility in the TCRb
constant region with little or no expression of any TCR Vb
region in E2A/HEB-deficient ETPs, which tend toward an
aberrant ILC lineage, were detected (28). According to these
observations, T precursor cells that fail to properly undergo TCR
Frontiers in Immunology | www.frontiersin.org 353
recombination, especially TCRg/d recombination, may be able to
convert their cell lineage into ILCs (56, 57). However, the
numbers of mature ILC2s and PLZF-expressing ILCps in
Rag2-deficient thymuses remain low; this phenomenon cannot
explain why TCRg/d genes, but not TCRb D-J gene,
recombination are observed in ILCs, although TCRb D-J and
TCRg/d recombination occurs concurrently in the DN2 stage
(28, 57). In contrast to these reports, the Sun group
demonstrated that ILC2s in the thymus and lug from wild-type
and E2A/HEB deletion (plck-Cre) mice, but not from Id1-
transgenic (Id1-Tg) mice, exhibited TCRb D-J and V-DJ gene
recombination, which are detected by Southern blotting, and
estimated that around 10% of ILC2s performed these
recombination (60). In this report, even committed DN3 cells
have a potential to differentiate into ILC2s in vitro, suggesting the
lineage conversion of T cells to ILCs (60). Although these
phenomena remain puzzling, T cells and ILCs are very close
counterparts, and Rag1/2-mediated TCRb recombination and its
expression seem to be functional hallmarks of physiological T
cell lineage commitment in vivo. A recent study provided an
important clue regarding the mystery of the checkpoint for T
cells and ILC2s in the thymus (61). During embryogenesis,
functional ILC2s differentiate from ETPs in the fetal thymus,
and these ILC2s preferentially migrate to mucosal tissues and
reside for a long period. In this time-restricted thymic ILC2
development, specific TF RORa is the key factor that promotes
ILC2 development and simultaneously suppresses the T cell
lineage program by inducing Id2 expression, leading to E2A
function antagonism (61, 62). This study demonstrated that
ILC2 development in E2A/HEB-deficient mice does not
represent simple aberrant ILC development and instead may
be an implication of the physiological embryonic thymocyte
development toward the ILC2 lineage. Although Id2 expression
is a critical regulator of the ILC lineage, Id2 deletion in E2A/HEB
deficiency leads to thymic ILC development as well as E2A/HEB
deficiency, and transient Id2 expression induced by doxycycline
can induce aberrant ILC2 development in adult thymus. Thus, T
cell and ILC lineages may simply depend on the magnitude of E
protein activity, and Id2 may function as a lineage switch for
ILCs (28). Therefore, we conclude that after the enhancer
repertoire associated with each lineage regulated by the E-Id
axis is established, an ensemble of shared TFs, such as Tcf1,
Bcl11b, and Gata3, instructs the lineage-specific gene expression
programs in both T cells and ILCs (Figure 1). Indeed, Bcl11b
binds to different sites in a lineage-specific manner associated
with cell type-specific protein complexes (63). Interestingly,
some members of these factors are dynamically recruited to
the regulatory regions not only in a lineage-specific manner but
also in a developmental stage-specific manner (64).

However, it remains unclear whether the loss of E protein
activity in ETPs induces only ILC lineage commitment or also
leads to the expansion of ILC precursors or mature ILCs. Since
Id2 is continuously expressed at high levels after ILC lineage
commitment, the magnitude of E protein activity may control
not only the ILC versus T lineage commitment but also the
expansion or activation of ILCs after the commitment, which is
May 2022 | Volume 13 | Article 890056
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antagonized by Id2. Because E2A functions both as an initiator
upon T cell lineage commitment and as a gatekeeper at b-
selection (65), the loss of E protein activity in ILCs may play a
role in the activation or expansion of ILCs.

How is the E-Id axis regulated? While E2A and HEB mRNA
expression levels are relatively consistent throughout the
thymocyte development (ImmGen data; https://www.immgen.
org/), the E2A protein level is high in ETPs and is the highest in
DN2 cells; this level is downregulated in resting DP cells, as
revealed by E2A-GFP fusion knock-in mouse analysis, indicating
the presence of posttranslational regulation of the E2A protein
(66–68). On the other hand, Id3 is upregulated by TCR signaling,
including pre- and gd-TCR, during thymocyte development and
remains at a high level in peripheral naïve T and Treg cells (32,
67, 69). In peripheral T cells, TCR stimulation induces E2A
protein expression, which is required for rapid memory-
precursor formation of CD8 T cells, while Id2 and 3 function
as regulators of CD8 T cell responses (70). Surprisingly,
differential Id2 and Id3 expression in CD4 T cells during viral
infection regulates TH1 or TFH cell development, respectively
(71). During ILC lineage commitment, Id2 is initially
Frontiers in Immunology | www.frontiersin.org 454
upregulated in PLZF-expressing ILC precursors in which E2A
protein is already downregulated, and this induction of Id2
expression is associated with the IL7R expression level,
suggesting the involvement of cytokine signaling in Id2
expression (28). Consistently, the cis-regulatory element of the
Id2 gene, which expresses the long noncoding RNA Rroid,
controls ILC1 function by regulating Stat5 deposition at the
Id2 promoter region; however, this locus is dispensable for Id2
expression in other ILCs (72). Therefore, Id2 expression in ILC
lineages, which is probably mediated by cytokine signaling, is
required not only for ILC lineage commitment but also for
ILC maintenance.
RAG1 AND RAG2 GENE EXPRESSION
MEDIATED BY E PROTEINS

As we discussed in the introduction, Rag1/2 gene expression
discriminates between adaptive and innate lymphoid lineages.
This indicates that TFs responsible for Rag1/2 expression are
FIGURE 1 | Model of adaptive and innate lymphocytes lineages mediated by the E-Id axis. The magnitude of E protein transcriptional activity determines the lineage
commitments of adaptive versus innate lymphocytes. Following this process, an ensemble of TFs specific for each lineages validates lineage-specific gene
expression program, along with E proteins in T and B cells. This figure was created with BioRender.com.
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critical regulators of T and B lineage commitment (73). There are
two waves of Rag1/2 expression during T and B cell development
(74). The first wave of Rag1/2 expression is required for the
assembly of IgH and TCRb genes in pro-B and pro-T cells,
respectively. After the selection of pre-TCR (TCRb) or pre-BCR
(IgH), Rag1 expression is transiently downregulated during the
transition from the progenitors to precursors. In the precursor
stage, Rag1/2 are re-expressed for IgL and TCRa gene
recombination. Following the positive and negative selection of
the TCR or BCR, the Rag1/2 genes are suppressed in mature
naïve T and B cells and are never expressed for further
recombination of the TCR and Ig genes. During these
developmental processes, Rag1/2 gene expression is tightly
regulated, and other types of immune cells never express the
Rag1/2 genes. However, the molecular mechanisms of Rag1/2
gene expression remained to be determined. Both in vivo and in
vitro studies have attempted to define the enhancer regions and
TFs responsible for Rag1/2 expression (75). Both T and B
progenitor/precursor cells express Rag1/2 and require distinct
enhancers of these genes. The deletion of Erag (Enhancer of Rag),
which is located at 23 kb upstream of the Rag2 promoter,
resulted in a significant reduction in Rag1/2 expression and
partial developmental defects during B cell development,
without affecting thymocyte development (76). A study has
reported that this Erag region is positively regulated by Foxo1
and negatively regulated by Gfi1b, Ebf1, and c-Myb (77–80). In
contrast, an anti-silencer element (ASE), which is 8 kb in length
and located 73 kb upstream of the Rag2 promoter, is required for
Rag1/2 gene expression in DN3 and DP cells but not in
developing B cells (81). In ChIP-seq data, most of T cell TFs
includng E2A, Bcl111b, Tcf1, Gata3, Runx1, and Ikaros bound to
ASE regions, while B cell TFs such as E2A, Pax5, and Irf4, but not
Ebf1, bound to Erag region (82, 84).

The Krangel group demonstrated that the chromatin
organizer mediates the interaction between ASE and Rag1/2
promoters to promote optimal expression of the Rag1/2 genes
in DP cells and suggested that the ASE and Rag1 promoter
regions function as a chromatin hub (82). Furthermore, this
group proved that Gata3 and E2A regulate the ASE region, and
Rag1 promoter activity relies on Runx1 and E2A binding in the
VL3-3M2DP thymocyte cell line (83). A study also identified T
or B cell-specific enhancer elements that drive Rag1/2
expression using the E2A ChIP-seq and ATAC-seq data from
pro-T and pro-B cells to clarify the regulatory mechanisms
of adaptive versus innate lineage choice. Two B cell-specific
enhancers (Rag B cell enhancer 1 and 2; R1B (5 kb upstream of
the Rag1 promoter) and R2B (partially overlapping with Erag))
and one T cell-specific enhancer (Rag-T cell enhancer (R-TEn))
were identified (84). A common E2A-binding region near the
Rag1 promoter (R1pro), which is shared between T and B cells,
was also identified. R1B/R2B and R-TEn uniquely bind to the
Rag1/Rag2 promoter regions and form distinct chromatin
structures in developing T and B cells, respectively. Deletion
of both R1B and R2B in mice resulted in a severe developmental
block at the pro-B stage, but not in T-cell development,
resulting from drastic impairments in Rag-mediated IgH gene
Frontiers in Immunology | www.frontiersin.org 555
recombination, whereas single deletion of either R1B or R2B
resulted in mild-to-moderate defects in B cell development
that also occurred in Erag deletion mice (76, 84). This finding
suggests enhancer redundancy in Rag1/2 expression in B cells.
In contrast, R-TEn deletion resulted in severe developmental
defects in b-selection of DN3 cells and positive selection of DP
cells without affecting B cell development (84). These results
raised the question of what TF regulates these Rag gene
enhancer regions.

E2A is especially notable among TFs responsible for adaptive
lymphocyte development because Rag1/2 gene expression was
significantly reduced in E2A-deficient lymphoid-primed
multipotent progenitors (LMPPs) and T progenitor cells (28,
85, 86). A mutation of the E-box motifs in the R-TEn (R-TEn-E-
box-mutant), which blocks E-protein binding without affecting
the recruitment of other TFs to this enhancer, directly proves
that the E2A/E protein regulates this enhancer. R-TEn-E-box-
mutant mice showed developmental defects in b-selection and
positive selection, resulting from a severe reduction in Rag1/2
gene expression in DN3 and DP cells. Furthermore, genome
structures, chromatin accessibility, histone H3 lysine K27
acetylation (H3K27ac), and cohesin recruitment were
completely lost only at the Rag gene locus, indicating that the
E2A/E protein binding to the enhancer region induces and
promotes cell type-specific superenhancer (SE) formation (84).
How does the E2A/E protein induce SE formation? bHLH TFs,
such as E2A, were reported to interact with the histone
acetyltransferase (HAT) CBP/P300 and SAGA proteins
through the PECT motif within the activation domain 1 (AD1)
of the E protein and recruit these coactivators to enhancer
regions, thus inducing and promoting H3K27 acetylation (87–
91). Active enhancers are accompanied by high levels of
H3K27ac, CBP/P300, chromatin remodeler Brg1, and RNA
polymerase II (PolII) to facilitate the recruitment of cohesin-
loader NIPBL and the cohesin complex, which induce large-scale
structural changes of the chromatin and may switch the locus
from transcriptionally repressive (B) to permissive (A)
compartments (92, 93). Simultaneously, E2A and other specific
TFs also recruit the ten-eleven translocation (TET) family
proteins to the enhancers to remove DNA methylation of the
CpG islands in enhancers, which is associated with the SE
function in developing and activated B cells (94, 95). SEs
regulate certain genes that play characteristic roles in cell type-
specific functions, thereby establishing cell identity (96, 97).
Because the properties of SEs are based on highly cooperative
interactions between cell type-specific TFs, transcriptional
mediators, and RNA PolII and due to vulnerability to a
perturbation of the key protein components (98), E2A
functions in adaptive lymphocyte-specific enhancer regions as
a pioneer and maintainer. Additionally, E2A plays an essential
role in Rag1 expression in vivo through the regulation of the
promoter activity. Surprisingly, E-box motif mutations in the
Rag1-promoter region (R1pro-E-box-mutant) alone in mice are
sufficient to inhibit the Rag1 gene expression, which leads to the
developmental arrest at both the T and B cell progenitor stages,
similar to those in Rag1-deficient mice. However, Rag2
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expression and enhancer regions (R-TEn and R1B/R2B) are not
affected in R1pro-E-box-mutant DN3 and pro-B cells (84). This
result indicates that both cell type-specific enhancer and
promoter regions independently rely on the recruitment of the
E2A/E protein and that E protein-mediated interactions between
enhancer and promoter regions determine adaptive lymphocyte-
specific expression of the Rag gene. We summarised these
regulatory regions in Table 1.

Overall, the binding of the E2A/E proteins to the E-box motifs
in the cell type-specific cis-regulatory regions induces the
recruitment of P300, other transcription mediators, the NIPBL/
cohesin-complex, and chromatin organizers to orchestrate 3D
structural changes of the genomes to initiate and maintain cell
type-specific gene expression. In contrast, high expression levels
of Id2 prevents Rag gene SE formation by antagonizing the E2A
activity, and the Rag gene is sequestered in repressive chromatin
(B) compartment (Figure 2). Curiously, sequence similarities of
T and B cell-specific Rag gene enhanceres are conserved among
mammals, birds and reptiles, but not in amphibians and fish. In
addition, these conserved enhancer regions have been shown to
harbor the E-box motifs conserved among these species (84).
Thus, we propose that terrestrial animals evolutionarily acquired
the gene regulatory mechanism mediated by the E proteins as
enhancers to achieve higher Rag gene expression, which enables
a diverse range of TCR and Ig gene recombination to protect
against a wide range of the pathogens (99).
TREG CELLS AND THE ROLE OF THE
E-ID AXIS

E and Id proteins play a central role in effector/memory and
tissue-resident cytotoxic CD8 T cell differentiation and the
activation of helper CD4 T cells, including TH1 and follicular
helper T (TFH) cells (67, 71, 100–105). However, to our
Frontiers in Immunology | www.frontiersin.org 656
knowledge, no review papers have addressed the role of the E-
Id axis in Treg cells. In this section, we focus on the roles of Id
and E proteins in Treg cells. Treg cells play a central role in the
maintenance of immune homeostasis by suppressing
autoimmunity and excessive inflammatory responses and by
tissue repair after inflammation. Naturally occurring Treg cells
differentiate in the thymus (natural Treg (nTreg) or thymic Treg
(tTreg) cells), which constitutively express TF Foxp3, while a
population of Foxp3-expressing Treg cells develops from naïve
CD4 T cells in the periphery (peripheral Treg (pTreg) cells)
(106). In addition, naïve CD4 T cells can develop into Foxp3-
expressing Treg cells in vitro by TCR stimulation in the presence
of TGF-b plus IL-2 (induced Treg (iTreg) cells) (107). Treg cells
show functional heterogeneity to regulate a variety of immune
responses, and each subset of Treg cells has a specialized gene
expression program. As well as conventional CD4 T cells, Treg
cells differentiate into effector subsets, named effector Treg
(eTreg) cells, accompanied by Blimp1 and Irf4 TFs, and
express unique migratory chemokine receptors to home to the
site of inflammation and higher suppressive molecules such as
IL-10 and CTLA-4 to control tissue inflammation (108–110). For
instance, TH1-Treg cells express CXCR3, which is mediated by
T-bet, to migrate into TH1 inflammatory sites (111). In addition,
follicular regulatory T (TFR) cells, a specialized subset of Treg
cells, regulate TFH cell function and germinal center B-cell
responses for the humoral immunity (112–114). More recently,
specialized subsets of Treg cells in nonlymphoid tissues, such as
adipose tissue, muscle tissue, lung tissue, and the central nervous
system, have been shown to play an important role in tissue
homeostasis and regenerative functions, and amphiregulin and
Notch ligand Jagged1 from Treg cells contribute to tissue
regeneration (115–118). This subset of Treg cells is often
referred to as tissue-resident Treg (TR-Treg) cells. They are
derived from effector Treg cells, which in turn are instructed by
TF Batf (119) (Figure 3).
TABLE 1 | Description of Rag gene enhancer regions.

cis-regulatory
element

Length/open TF bindings by ChIP-seq
data

Defects in deletion or
mutant mouse

Rag1/Rag2 expression Ref
paper

anti-silence
element (ASE)

8 kb defects in thymocyte
development (DN3, DP)

Rag1/2; down in DP cells (79)

Enhancer of Rag
(Erag)

1.7 kbp E2A, Ets1, Ikaros moderate defect in B cell
development

Rag1/2; down in developing B cells (74)

Rag-B cell
enhancer 1 (R1B)

<1 kb E2A, Ikaros, Irf4 mild defect in B cell
development

moderate reduction of Rag1/2 expression (80)

Rag-B cell
enhancer 2 (R2B)

2 kb (partially overlapped
with Erag)

E2A, Pax5, Ets1, Ikaros moderate defect in B cell
development

moderate reduction of Rag1/2 expression (80)

R1B/R2B R1B/R2B double deletion developmental arrest at pro-
B stage

drastic reduction of Rag1/2 expression in
pro-B cells, but not in T cell

(80)

Rag-T cell
enhancer (R-TEn)

2 kb (included in ASE) Satb1, E2A, Ikaros, Bcl11b,
Tcf1, Runx1, Gata3

defects in thymocyte
development (DN3, DP)

Rag1/2; down in DN3a and DP cells (80)

R-TEn peak 1 open in DN3/DP defects in thymocyte
development (DN3, DP)

Rag1/2; down in DN3a and DP cells (80)

R-TEn peak 2 open in DP no defect normal (80)
R-TEn peak1 E-
box mutant

blocking E-protein binding
to R-TEn

defects in thymocyte
development (DN3, DP)

Rag1/2; down in DN3a and DP cells (80)

Rag1 promoter E-
box mutant

blocking E-protein binding
to Rag1 promoter

developmental arrest at pro-
B and DN3 stages

defects in Rag1, but not Rag2, expression
in DN3a and pro-B cells

(80)
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There are many previous studies about the role of the E-Id
axis in Treg cell development and activation. The expression of
Id3 is high in naïve Treg cells and low in ICOS+ effector Treg
cells, and TCR stimulation in Treg cells downregulates Id3. In
contrast, Id2 levels are low in naïve Treg cells, and TCR
stimulation induces the upregulation of Id2 in vitro (120, 121).
It has been reported that E2A/HEB and Id3 are involved in the
development of tTreg cell and iTreg cells; drastically increased
tTreg cells were observed in a study of E2A/HEB-deficient
thymus, while decreased tTreg cells were detected in a study of
Id3–/– thymus (122, 123). In addition, blocking the E protein by
Id1 overexpression in mice resulted in an increased frequency
and number of tTreg cells due to the expansion of thymic Treg
cells, while Foxp3 mRNA induced by TCR stimulation was
significantly lower in naïve Id1-Tg CD4 T cells (124).
However, the deletion of E2A and HEB in early stages blocks T
cell lineage commitment, and their deletion in DP cells bypasses
the TCR-mediated positive selection of DP cells, leading to the
CD8SP stage accompanied by severe impairment of the CD4SP
lineage (28, 125). In addition, Id3 is required for MHC-restricted
Frontiers in Immunology | www.frontiersin.org 757
positive selection of DP cells (126). The combined loss of Id2 and
Id3 results in blockage of the transition from CD69+TCRblo or –

DP to fully TCR-selected CD69+TCRbhi DP cells at a young age;
however, PLZF-expressing innate TFH cells expand with limited
TCR repertoires and occupy the CD4SP population in adults,
suggesting that in the absence of Id2 and Id3, conventional CD4
T cell development is severely affected (102). Therefore, it
remains unclear whether changes in tTreg populations in these
gene-deficient mice are reflected by the severely impaired CD4SP
population and reduced strength of TCR signaling or whether
E2A/HEB and Id3 are actually involved in the induction of
Foxp3 expression or tTreg cell development. Furthermore, since
Id3 enforces naïve T cell fate by antagonizing E2A activity and
Id3-deficient CD4SP or CD8SP cells readily differentiate into
IFN-g-producing effector T cells,TFH cells (CD4SP), or innate-
like CD8 T cells in the thymus (67, 127), attenuated iTreg cell
development in Id3–/– mice is more likely the result of fewer
naïve CD4 T cells in the periphery. However, from the result that
the deletion of E2A/HEB led to increased iTreg development in
vitro, E protein activity is thought to be involved in iTreg cell
FIGURE 2 | Regulation of Rag gene locus by E2A and cis-regulatory elements. E2A binding to the specific enhancer (R-TEn and R2B) and R1pro regions induces
the genome conformation changes to form adaptive lymphocyte-specific SE through the recruitment of P300, TET, and NIPBL-cohesin complex (left; developing T
and B cells). In contrast, Id2 prevents E2A/E proteins from binding to these regulatory regions, leading to the insulator formation to sequester the Rag genes in
repressive chromatin compartment in innate immune cells (right; macrophage etc). This figure was created with BioRender.com.
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development (123). It was reported that E47 indirectly regulates
Foxp3 expression through the regulation of Spi-B and SOCS3 in
Id3-deficient Treg cells and that Foxp3 mRNA in Id2/Id3-
deficient Treg cells is comparable to that in control Treg cells,
indicating that E2A does not regulate Foxp3 gene expression
(120, 128). In line with this, E2A occupancy around the Foxp3
gene locus, by ChIP-seq analysis, was not detected in Id2/Id3-
deficient DP cells (129).

Although the role of Id and E proteins in tTreg development
is unclear, the E-Id axis plays an important role in Treg cell
function. Indeed, Treg-specific deletion of Id2 and Id3 using
Foxp3-Cre in mice leads to fatal inflammatory disease, which is
characterized by spontaneous TH2 inflammation in the lung,
skin, and esophagus, similar to human atopic diseases such as
bronchial asthma, atopic dermatitis, and eosinophilic esophagitis
(120). Id2/Id3 depletion in Treg cells induces CXCR5, which is a
direct target of the E2A-Id3 axis in TFR and TFH cell development
and preferentially migrates to B-cell follicles. However, Id2/Id3-
deficiency in Treg cells has been shown to result in compromised
maintenance of Treg cells mediated by TCR stimulation in vitro.
This result suggests that Id proteins function as gatekeepers for
Frontiers in Immunology | www.frontiersin.org 858
eTreg and TFR cells as well as CD4 T cells and control the
maintenance of Treg cells. Although Id2 and Id3 compensate for
each other in single KO Treg cells, Id2 and Id3 have distinct roles
in Treg cell function. According to Id3 expression with CD62L
and CD44, the Campbell group demonstrated stepwise
developmental stages toward TR-Treg cells; Id3 was highly
expressed in central naïve Treg cells and effector Treg cells,
whereas ICOShi Id3lo TR-Treg precursor cells expressed Id2,
suggesting a regulatory switch from Id3 to Id2 in Treg cells (121,
130). This seems to be similar to tissue resident effector/memory
CD8 T cells (100, 105). Interestingly, consistent with the Id
switch in Treg cells, a loss of Id2 expression in Treg cells results
in decreased expression of TR-Treg cell-related functional
molecules and leads to increased cell death of Treg cells,
suggesting an Id2-dependent TR-Treg cell-specific program
(131). Curiously, Treg cells lacking E2A and HEB exhibit
effector phenotypes and increased stability, suggesting the
linkage of E protein and TCR signaling in the gene signature
of effector Treg cell development (132). In contrast, ectopic Id2
expression in Treg cells in mice enhance Treg cell plasticity and
lead to a reduction in Treg cells (133). Taken together, although
FIGURE 3 | The roles of Id2 and Id3 in Treg cell differentiation into subsets of effector Treg cells. Id2 and Id3 enforce the naïve state of Treg cells, especially in TFR
cells. A regulatory switch of Id3 to Id2 plays a role in TR-Treg cell differentiation and function. This figure was created with BioRender.com.
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the underlying molecular mechanism remains to be determined,
it now seems apparent that the E-Id axis orchestrates Treg cell
differentiation toward the fate of TFR, eTreg and TR-Treg cells
and dictates function and plasticity in lymphoid and
nonlymphoid tissues (Figure 3).
CONCLUSION

The E-Id transcriptional axis plays an important role in T/B cell
lineage commitment, discrimination between T cells and ILCs,
including Rag gene expression, and T/Treg cell function. However,
it remains to be investigated how the E-Id axis orchestrates cell type-
specific enhancer activities in conjunction with other TFs associated
with T cell activation and TCR signaling. Future experiments are
warranted to explore the role of the E-Id axis in T and B cell
activation under the inflammatory conditions. These findings may
have implications for health and immunological disorders.
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The E/ID protein axis is instrumental for defining the developmental progression and
functions of hematopoietic cells. The E proteins are dimeric transcription factors that
activate gene expression programs and coordinate changes in chromatin organization. Id
proteins are antagonists of E protein activity. Relative levels of E/Id proteins are modulated
throughout hematopoietic development to enable the progression of hematopoietic stem
cells into multiple adaptive and innate immune lineages including natural killer cells, B cells
and T cells. In early progenitors, the E proteins promote commitment to the T and B cell
lineages by orchestrating lineage specific programs of gene expression and regulating
VDJ recombination of antigen receptor loci. In mature B cells, the E/Id protein axis
functions to promote class switch recombination and somatic hypermutation. E protein
activity further regulates differentiation into distinct CD4+ and CD8+ T cells subsets and
instructs mature T cell immune responses. In this review, we discuss how the E/Id proteins
define the adaptive immune system lineages, focusing on their role in directing
developmental gene programs.

Keywords: HLH, E proteins, Id proteins, VDJ recombination, lymphopoiesis, hematopoiesis, T cell development,
B cell development
BACKGROUND

Decades of research have demonstrated the essential role of E proteins in mediating both innate and
adaptive immune cell development and the wide implications of E protein activity in disease
progression and immune response. In mammals, E proteins include E2A, E2-2 and HEB (1). E
proteins are members of the helix-loop-helix (HLH) family of transcription factors. E proteins
either homo- or heterodimerize with other HLH proteins to bind to E-box sites (CANNTG)
through a basic region to modulate the expression of nearby and distal genes. This activity is
opposed by Id proteins, which lack a basic DNA binding region and heterodimerize with E proteins
to prevent them from binding to DNA. Together, E and Id proteins form an E-Id axis to instruct
immune development.

This review discusses the role of the E-Id axis in adaptive immune development. These proteins
are expressed in all mammalian cell types. They are regulated both transcriptionally and post-
transcriptionally to orchestrate the development of an armamentarium of immune cell types and to
establish a diverse immune repertoire. We focus on how appropriately timed differentiation to T
and B cell fates is achieved while discussing how the development of alternative cell fates
is suppressed.
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E-ID AXIS IN EARLY HEMATOPOIESIS

Adaptive immune development begins in the fetal liver and in
the bone marrow in adults, where E and ID proteins influence
developmental decisions in hemopoietic stem cells (HSCs),
which give rise to all blood cells (Figure 1). Differentiation to
HSCs is achieved by the E protein SCL/TAL1, and maintained by
E2A proteins and their repressive heterodimerizing HLH
partners Lyl1 and Id1 (2–5). These factors also set the stage for
the ratio of progenitors giving rise to B and T cells. E proteins
oppose proliferation of HSCs, priming their expression to
promote lymphoid-associated gene expression (6, 7). This
activity promotes their differentiation into multipotent
progenitors (MPPs) and further into lymphoid-primed MPPs
(LMPPs), while preventing granulocyte-monocyte progenitor
(GMP) development and partially restricting megakaryocyte-
erythrocyte progenitor (MEP) development (6). As a result,
E2A-deficient mice are associated with reduced HSCs and
MPPs (3). Other E proteins, E2-2 and HEB, were found to be
expendable at this early stage of development (8–10). Thus, E
protein activity orchestrates a supportive transcriptional
landscape for lymphocyte development in HSCs.

Id protein inhibition of E protein activity might play a role in
generating a diverse immune repertoire from HSCs. E2A
promotes HSC differentiation and represses proliferation by
controlling the expression of p21 and Notch1 (11–14). E
Frontiers in Immunology | www.frontiersin.org 264
proteins further drive differentiation to LMPPs to common
lymphoid progenitors (CLPs), which give rise to several cell
fates including B cells, T cells, dendritic cells, innate lymphoid
cells, and natural killer (NK) cells (10, 15). In the absence of E2A
expression, fewer LMPPs progress to the CLP stage (6). The cells
that do progress preferentially feed alternative lineages seeded by
GMPs, MEPs, and Pre-MegE-progenitors (7). In the absence of
E2A and HEB, CLPs are compromised in their ability to express
an early lymphoid program (10). The capacity of CLPs to
differentiate into NK, B or T lineages may be further divided
by their expression of different surface markers (16–19). A recent
study suggested that heterogeneous levels of E and Id proteins in
CLPs may contribute to these unique differentiative capabilities
(19). Thus, fine tuning of E protein activity in CLPs instructs
immune cell fate.
EARLY B CELL DEVELOPMENT

E proteins orchestrate B cell development by defining signaling
pathways in CLPs (Figure 2). E2A activity is required to activate
Ebf1 and IL7 receptor protein (IL7Ra) in CLPs, which together with
E2A activate Pax5 (20–23). E2A proteins also act in concert with
Ebf1 to induce Foxo1 expression (24). Subsequently, E2A and HEB
coordinate with Foxo1, Pax5 and Ebf1 to support the progression of
CLPs through the B cell lineage (23, 25). Aberrant Id3 expression at
FIGURE 1 | Lymphopoiesis is directed by E protein activity in early stem cells. The role of E and Id proteins in early progenitors giving rise to B and T cells is
depicted in the bone marrow. Protein factors that support stem cell maintenance or self-renewal are indicated adjacent to each cell, and bolded arrows represent
lineage differentiation (Created with BioRender.com).
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this earlier stage alternatively arrests B cell development and
prevents IL7Ra induction, later inducing caspase-mediated
apoptosis (26). Cytokine signaling from the TGF-b family
represents one mechanism by which Id3 expression is regulated
(27). Thus, E proteins promote B cell development from CLPs by
priming a B-cell transcriptional network.

E proteins then stimulate the subset of CLPs primed with B
cell lineage genes to progress into pre-pro-B cells. Studies have
implicated that the E2A isoform E47 is required to get past this
stage, while E12 is dispensable (28–31). E2-2 and HEB also both
contribute to early B cell development (32). Notably, E2-2
mRNA expression is particularly high in pro-B cells and
orchestrates the developmental maturation of these early B cell
progenitors into pre-B cells (33).

In the B cells, E proteins are regulated by lineage specific post-
transcriptional mechanisms. E47 homodimers, for example, are
only detected at high levels in B cells (34). This cell specific
homo-dimer activity may involve phosphorylation of specific
residues of the E2A proteins (34, 35). Histone acetyltransferases
including p300, CBP, and PCAF interact with E2A to mark the
Frontiers in Immunology | www.frontiersin.org 365
epigenetic chromatin landscape (36, 37). Further, miRNAs
regulate E protein activity. A recent study identified miR-191
as a rheostatic regulator of B cell development to modulate E2A
mRNA abundance from pro-B to immature B cells (38).

E proteins regulate gene expression by coordinating changes
in nuclear architecture. E2A occupancy at the Ebf1 locus is
associated with relocation away from the nuclear lamina in pro-B
cells (39). E2A binding at or near enhancers or promoters was
associated with deposition of active chromatin markers such as
H3K4me1 with further activating epigenetic alterations between
pre-pro-B to pro-B cells (40). Activated genes with E2A
occupancy frequently contained coordinated DNA binding
with Ebf1, Foxo1 and CTCF. Recent studies indicated that E2A
occupancy is closely associated with recruitment of members of
the cohesin complex (41). In parallel studies it was revealed that
H3K27Ac marked enhancers are closely associated with
recruitment of cohesin (42–44).

Collectively, these studies suggest that E2A may act, at least in
part, by initiating loop extrusion across the enhancer landscape.
Other mechanisms may also act with E2A to promote B cell
FIGURE 2 | B cell fate and differentiation is directed by E protein activity. The role of E proteins and their antagonists in B cell development is shown in the bone
marrow and lymphoid organs. Protein factors supportive of differentiation or cell maintenance are indicated in black font next to the arrows or adjacent to the cell
respectively. Protein factors with repressive functions are indicated in red font (Created with BioRender.com).
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development. Notably, E2A recruits Tet2 and Tet3 to promote
chromatin accessibility adjacent to E-box binding sites in pro-B
cells (45). Future studies are warranted to determine how E2A
mediated changes in DNA methylation and recruitment of
cohesin are linked to induce lineage specific gene programs.

E proteins may also be essential in preventing the premature
progression of B cells from pre-pro-B into pro-B cells. E2A
enforces this checkpoint by binding an E-box element in a p21
regulatory region, which encodes a CDK inhibitor and induces cell
cycle arrest (11). This checkpoint can be circumvented by
repression of E protein activity by Id1-3 (11, 26). The
downregulation of E protein activity by rapid induction of Id
proteins occurs upon successful heavy chain V-DJ rearrangement
in pro-B cells, and it will be important to establish whether and
how alterations in Id3 protein levels modulate E2A activity to
orchestrate antigen receptor assembly (28).
GENERATION OF B CELL DIVERSITY

Somatic recombination events in the B cell lineage generate a
diverse antibody repertoire. B cells rearrange the variable regions
of their immunoglobulin heavy chain (Igh) and immunoglobulin
light chain (Igk or IgL) loci to produce mature B cells with unique
antigen binding specificities. E2A regulates these recombination
events by controlling appropriate expression of the Rag genes, as
well as chromatin accessibility and 3D spatial organization of the
Igh and Igk loci. Following these recombination events, B cells can
undergo class switch recombination (CSR) and somatic
hypermutation (SHM) to generate antigen receptors with higher
affinities for their cognate antigens. E proteins regulate CSR and
SHM by promoting chromatin accessibility at the targeted
immunoglobulin (Ig) genes and by controlling the expression of
key enzymes involved in these processes.

E2A Regulates Rag Expression in the
B Cell Lineage
Recombination is catalyzed by the recombinase activating genes,
Rag1 and Rag2 (46, 47). Rag1/2 expression peaks twice in the B
cell linage, first in pro-B cells during Igh rearrangement, when
E47 expression is high. Rag expression is then downregulated as
cells pass through the pre-BCR checkpoint and transition to pre-
B cells (48). E protein activity declines during this time, as pre-
BCR signaling upregulates Id3 expression and E47 protein levels
decline (49, 50). Rag and E47 protein levels are elevated again in
pre-B cells undergoing Ig light chain rearrangements (48, 49). In
E2A deficient mice, B cell development is blocked at the pre-pro-
B cell stage and Igh rearrangements fail to initiate due to lack of
Rag activity (31, 51). E2A regulates Rag expression in a dose
dependent manner (49).

The Rag1/2 genes share a single genetic locus. An
evolutionarily conserved B cell specific enhancer of Rag (Erag)
contains E-box binding sites. Deletion of Erag in mice reduces
Rag1/2 expression and compromises Dh-Jh and Vh-DhJh
recombination (52). Recent findings indicate that E2A directly
regulates Rag1/2 gene expression in pro-B cells by binding to the
Frontiers in Immunology | www.frontiersin.org 466
Rag promoters and enhancer and orchestrating chromatin
conformations that promote a transcriptionally active Rag
locus (41). E2A also binds two additional B cell specific
regulatory elements (R1B and R2B), which partially overlap
with Erag. R1B and R2B orchestrate a B cell specific chromatin
architecture at the Rag1/2 gene cluster. Deletion of these E2A
binding elements resulted in reduced chromatin accessibility of
the Rag1/2 genes, a loss of genomic interactions across the locus,
reduced Rag1/2 expression, a significant developmental block at
the pro-B cell stage, and severely compromised Igh
recombination. Further, E2A directly regulates the Rag1
promoter in pro-B cells. Specific mutation of all 7 E-box sites
in the Rag1 promoter (R1pro-E-boxmut/mut), resulted in a loss of
chromatin accessibility at the Rag1 gene and reduced Rag1 gene
expression. R1pro-E-boxmut/mut mice are phenotypically similar
to Rag-/- mice, have severely compromised Igh V-DhJh
recombination, and exhibit a developmental block at the pro-B
cell stage (41).

Recombination of the Igh Locus
The immunoglobulin heavy chain locus is comprised of Vh, Dh,
and Jh genes, which recombine in a step-wise manner. Dh to Jh
recombination occurs first, and is followed by Vh to DhJh
recombination (53). E2A regulates Vh(Dh)Jh recombination by
promoting chromatin accessibility at the Igh locus. Early
studies found that ectopic expression of either E2A gene
product (E12 or E47) along with Rag1/2 in non-B lineage
cells is sufficient to initiate Igh germline transcription (GLT)
and Dh to Jh recombination (but not Vh to DhJh recombination)
(30, 54, 55). E2A initiates and maintains Pax5 expression in pro-
B cells and cooperates with Pax5 to promote further chromatin
accessibility and allow Vh to DhJh recombination (29). Ectopic
expression of Pax5 with Rag1/2 and E2A in non-lymphoid cells
is sufficient to induce Vh to DhJh recombination (56).
Interestingly, enforced Pax5 expression restores Rag expression
and Dh-Jh recombination at the heavy chain locus in Vav-CRE
E2Afl/fl mice, even though the Rag1 promoter is directly
regulated by E2A (29, 41).

E2A is also essential for Igh locus contraction (57, 58). Prior
to Vh(Dh)Jh recombination, the Igh locus repositions from the
lamina to the nuclear interior and undergoes contraction to
bring Vh and DhJh genes into close physical proximity (59). This
compaction allows Vh and DhJh genes to adopt a wider spectrum
of configurations in pro-B cells, to promote a higher diversity of
Vh genes in the antibody repertoire (58). E2A directly binds to
PAIR elements, regulatory elements in Vh region that facilitate
locus contraction (60–63). The role of E2A binding at PAIR
elements is not yet clear but it likely involves recruitment of the
cohesin machinery to initiate loop extrusion across the Igh locus.

Expression of a pre-B cell receptor (pre-BCR) composed of a
rearranged Igh protein and a surrogate light chain (SCL) is a
developmental checkpoint that monitors for successful
rearrangement of an Igh allele. Pre-BCR signaling indicating a
productive Igh chain has recombined enforces allelic exclusion of
the Igh locus. Pre-BCR mediated regulation of E2A might be
important for downregulation of the SLC genes, as well as other
May 2022 | Volume 13 | Article 881656
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pre-BCR co-receptors and downstream signaling proteins
(64, 65).

Recombination of the Igk Locus
The roles of E2A in orchestrating recombination of the
immunoglobulin kappa (Igk) locus have been extensively
studied. The E2A proteins were initially identified in a
screen for factors that bind sites across the kappa locus
intronic enhancer (iEk) (66). Analogous to its role in Igh
recombination, E2A promotes chromatin accessibility at the
Igk locus. Ectopic E2A expression, along with Rag1/2, is
sufficient to induce Igk germline transcription and Vk to Jk
rearrangements in non-lymphoid cells (55). While forced Pax5
expression restored Dh-Jh recombination at the Igh locus in
E2A-/- mice, it did not rescue Vk-Jk rearrangements, indicating a
unique role for E2A in promoting Igk locus assembly (29).

E2A proteins directly bind sites across the Igk locus to recruit
the histone acetyltransferases CBP and p300 (67, 68). E2A may
increase the rearrangement frequencies of Vk genes by promoting
their transcription. Promoters bound by E2A or that contain E2A
binding sites are associated with strong promoters and are
expressed at significantly higher frequencies compared to overall
Vk genes (39, 67, 69). Another possible mechanism may involve
recruitment of cohesin to instruct loop extrusion at enhancers
across the Igh locus akin to that described above for the Igh locus.
The Igk locus contains an ensemble of enhancers including, the
intronic enhancer (iEk) and the 3’ enhancer (kE3’), that regulate
Vk-Jk rearrangement (70–72). E2A binding to iEk is essential for
enhancer activation and regulates the appropriate developmental
timing of Igk recombination (73–75). Mutation of two of the three
E-box sites in iEk resulted in the same reduction in Igk
rearrangement as that with deletion of the entire iEk enhancer
(73). Before initiating light chain rearrangements, large cycling
pre-B cells attenuate their IL-7/STAT5 signaling, cell cycle exit and
transition into resting small pre-B cells. IL-7/STAT5 signaling
negatively regulates Igk recombination by antagonizing E2A
binding at iEk (74, 75). Similar mechanisms regulate the
activation of kE3’. Developmental control of the kE3’enhancer
involves both active stimulation by PU.1, IRF4, and E2A and
repression by STAT5. STAT5 signaling reduces kE3’ activity in
pro-B cells, possibly by blocking PU.1 recruitment to the
enhancer, as STAT5 and PU.1 competitively bind to the
enhancer (76). Pre-BCR signaling induced IRF4 promotes kE3’
activation by cooperatively binding to the enhancer with E2A and
by rendering kE3’ activity insensitive to STAT5 (76–79). E2A and
PU.1 recruit the TET proteins to kE3’ where they promote
increased chromatin accessibility by facilitating DNA
demethylation (45). Proper developmental timing of Igk locus
demethylation appears critical for appropriate Igk recombination.
Proximal Vk gene promoters and kE3’ were hypomethylated in
mice in which the de novo methyltransferases Dnmt3a and
Dnmt3b were deleted. These mice undergo premature Igk
rearrangements, have increased Igk rearrangement frequencies,
and over-utilize their most proximal Vk genes (80).

The Igk locus is poised for VkJk recombination in pro-B cells,
where it already exhibits signs of chromatin accessibility and has
Frontiers in Immunology | www.frontiersin.org 567
already undergone large scale locus contraction. The Igk locus
repositions to the permissive compartment and contracts at the
pre-pro-B to pro-B developmental cell transition. During this
transition, the intronic enhancer (iEk) forms extensive contacts
with Vk genes across the locus that are associated with E2A
occupancy. These changes in chromatin conformation are
accompanied by increased Igk transcription, widespread H3K4
demethylation, and E2A binding across the locus (39, 81, 82). In
response to pre-BCR signaling, the locus further contracts. E2A
occupancy at the locus increases and kE3’ forms stronger
chromatin interactions with the Vk region (Figure 3).
Interactions between kE3’ and Igk flanking regions are
reduced, while interactions between kE3’ and VK genes that are
located close to E2A binding sites increase. There are strong
positive correlations between presence of E2A binding sites, Vk

gene usage, and long-range chromatin interaction frequencies
between Vk genes and the kappa regulatory elements, which
suggest that E2A is a key factor in Igk locus contraction (82).

In conclusion, much has been learned about the roles of E2A
in orchestrating Igk locus rearrangement. In our view the most
appealing mechanism is that the E2A proteins bind enhancer
elements across the Igk locus to deposit H3K27Ac across the
enhancer repertoire. The deposition of H3K27Ac may then act to
sequester chromatin remodelers like Brg1 that in turn sequester
cohesin to initiate loop extrusion (42). Thus, a common theme is
now emerging in which transcription factors, like E2A, sequester
cohesin to promote large-scale alterations in chromatin folding,
enabling Vk regions to encounter Jk elements with distinct
frequencies that are independent of genomic separation.
MATURE B CELL DEVELOPMENT

After successful VDJ rearrangement and receptor editing of the
Ig light chain genes, E and Id proteins further instruct the
development of pre-B cells. This transition is mediated by
upregulation of Id3 and a reduction in E protein abundance
triggered by BCR signaling (49). E47 levels therefore decline in
transitional B cells followed by a near complete loss of E47
expression in mature B cells. Genetic studies showed that high
levels of E2A promote follicular B cell development while high
Id3 abundance favors the marginal zone B cell fate (33, 49). E2-2
serves an overlapping role controlling this developmental
decision as revealed by the transfer of E2A- and E2-2-deficient
fetal liver cells into irradiated Rag-deficient mice (33). E protein
activity is also essential for the development of germinal center
and plasma cells (83). Likewise, in the absence of Id3 expression
germinal center B cell development is severely affected (84).
Specifically, when researchers abrogated Id3 expression in
germinal center B cells, the expression of genes encoding
for components of antigen receptors, cytokine receptors,
and chemokine receptors was severely perturbed (83). E2A and
E2-2 activity is also essential for the developmental progression
of plasma cells (29, 84, 85). E2A and E2-2 promote plasma
cell identity by directly activating Blimp1 and Xbp1 expression
(84, 85). Together these studies show that HLH proteins play
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instrumental roles in orchestrating the response of B cells to
exposure of infectious agents.

Class Switch Recombination and
Somatic Hypermutation
Activation of mature naïve B cells initiates class switch
recombination (CSR) and somatic hypermutation (SHM). E
proteins regulate both CSR and SHM by 1) transcriptionally
regulating key factors involved in these processes, 2) interacting
directly with CSR and SHM proteins and targeting them to Ig
genes, and 3) by increasing the chromatin accessibility of
Ig genes.

The enzyme activation induced cytidine deaminase (AID) is
required for both CSR and SHM. AID deaminates cytosine bases
to uracils. In CSR, the DNA repair factor UNG then excises these
uracil bases and DNA repair factors convert these SSBs to DSBs
(86). In SHM, mutations are generated by a variety of error prone
DNA repair mechanisms that are employed to repair the
mismatched U:G bases (87). E2A and E2-2 directly promote
expression of AID by binding to regulatory elements in the Aicda
locus (the AID gene) and increasing chromatin accessibility of
enhancer elements (85, 88, 89). Loss of E protein activity in
activated B cells inhibits CSR, due in part to loss of AID
expression (85, 90, 91). CSR to IgG1 expression is blocked in
in E2A/E2-2 DKO mice due to loss of AID expression (85).
Overexpression of Id2 reduces AID expression in activated B
cells (92). However, a balance of E protein activity must be
maintained for normal CSR, as Id2 also plays an inhibitory role
in CSR. Id2 deficient B cells undergo CSR to IgE at a much high
frequency than that of wild-type B cells (93).
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E2A proteins also bind directly to Ig genes to promote SHM
and CSR. E2A forms a complex with AID, Pax5, ETS1 and IRF4
that functions to target AID to sites within the Igh locus (94, 95).
E2A and E2-2 promote CSR by opening chromatin at the 3’RR
enhancer and activating GLT of switch regions. E2A/E2-2 DKO
mice have impaired CSR to IgE, due to loss of activation of the
3’RR enhancer and IgE GLT (85). Further, E-box binding sites
within Ig enhancers promote efficient SHM (96–99). E2A may
help direct AID to DNA, and genome wide E2A occupancy is
associated with AID targeting (99). Finally, we suggest that E2A
proteins act to promote CSR and SHM by initiating loop
extrusion across the switch regions and V gene segments and
note that E2A likely plays an additional role in promoting phase
separated droplets to orchestrate CSR and SHM.
REGULATION OF EARLY T CELL
DEVELOPMENT BY HLH PROTEINS

A fraction of LMPPs develops into early T progenitors (ETPs)
that then home to the thymus (Figure 4). E2A and HEB promote
homing by modulating chemokine receptor expression,
including CXCR4, to direct thymocytes to the cortex (100).
Here, ETPs encounter Delta-class Notch ligands. An ensemble
of genes involved in Notch signaling are directly activated by E47
(21). Together with E2A, Notch signaling prevents the activation
of B-lineage and myeloid factors and promotes T lineage
development. These functions are opposed by Id1 and Id2
expression in these early progenitors and in double negative
(DN) T cells, promoting an innate lymphoid fate instead. T cell
FIGURE 3 | Enhancer activation by E2A drives IgK recombination.The IgK locus is poised for recombination in pro-B cells—when E2A is bound to VK genes, VK
regions have acetylated histone marks, and the locus is already contracted, with iEK making extensive contacts with the VK region. Activation of the locus coincides
with E2A activation of the IgK enhancers. Pre-BCR signaling and IL-7/STAT5 attenuation render the iEK and 3’EK enhancers insensitive to STAT5. E2A occupancy at
the enhancers increases, and the Tet proteins are recruited to 3’EK where they demethylate CpG residues. The now accessible 3’EK enhancer forms extensive
contacts with the VK region.
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progression was blocked in CLPs with disrupted E2A and HEB
activity, instead favoring differentiation to alternative lineages
(101). Once ETPs migrate to the thymus, E2A and HEB, in
coordination with Notch signaling instruct further development
(21, 32, 102–104). In developing thymocytes, E proteins
modulate the expression of gene programs including those
involved in cell cycle progression, pre-TCR signaling and
cytokine gene expression (105). Prominent amongst the genes
activated by E47 expression are CDK6, Socs1/2, Ets, Foxo1, and
GATA3. The E2A proteins may act coordinately with Bcl11b,
another key factor known to establish T cell identity, to activate a
common set of target genes (106, 107). Researchers have found
that E2A binds regulatory elements in a distal long non-coding
RNA, ThymoD (108). ThymoD transcription is initiated from
within the Bcl11b intergenic region where it acts to promote T
cell commitment by repositioning the Bcl11b enhancer from a
heterochromatic environment at the lamina to the euchromatic
compartment located in the nuclear interior (107, 108). The
overlapping gene expression profiles between E2A, Bcl11b, and
ThymoD knockout mice combined with the evidence of E2A
binding to elements within ThymoD implicates the possibility
that E2A could indirectly initiate Bcl11b expression by
modulating non-coding transcription. A prominent Bcl11b
target in developing thymocytes is Id2. Interestingly, the
majority of genes regulated by Bcl11b are also modulated by
Id2 (104, 109). HEB also performs multiple, unique functions in
thymocyte development. Elegant studies revealed that an
alternatively spliced form of HEB, named HEBAlt, increases
the development of T cell progenitors (110, 111). Subsequent
studies showed that in the absence of HEB T cell progenitors
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adopt alternative cell fates (112). HEB also directly activates the
expression of pre-Ta, a component of the pre-TCR complex
(113). Thus, a detailed picture is now emerging in which E2A
and HEB act collaboratively to orchestrate the development of
early T cell progenitors.
GENERATION OF T CELL DIVERSITY

T lymphocytes rearrange their TCRa, TCRb, TCRg and TCRd
loci to generate diverse T cell receptor repertoires. T cell receptor
rearrangements initiate at the CD4- CD8- double negative (DN)
stage of thymocyte development. TCRb, TCRg and TCRd
rearrangements all occur simultaneously in DN2 cells.
Successful rearrangement of TCRg and TCRd loci results in
expression of a gd TCR and potential development into the gd T
cell lineage. Successful rearrangement of a TCRb chain results in
expression of a pre-TCR. Pre-TCR signaling allows progression
to the DN4 cell stage where TCRa rearrangements occur, so that
cells may become ab T cells. The E-ID axis plays critical roles in
T cell development by regulating rearrangement events at all four
TCR loci, orchestrating the ab versus gd cell fate decision, and by
enforcing key developmental checkpoints.

ab/gd T Cell Lineage Decisions
The E-ID axis determines whether cells adopt the ab or gd T cell
fate. gd TCR signaling strength is a critical determinant in the
choice to become ab or gd T cells. Stronger gdTCR signals favor
lineage commitment to the gd T cell fate, while weaker gd TCR
signals favor commitment to the ab T cell fate (114, 115).
FIGURE 4 | T cell fate and differentiation is directed by E protein activity. The role of E proteins and their antagonists in T cell development is shown in the thymus
and lymphoid organs. Protein factors supportive of differentiation or cell maintenance are indicated in black font next to the arrows or adjacent to the cell respectively.
Protein factors with repressive functions are indicated in red font (Created with BioRender.com).
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gdTCR signals mediate lineage decisions through activation of
the Erk-Egr-Id3 pathway (114, 116). In response to TCR
signaling, Egr induces a level of Id3 expression that is
proportional to the TCR signaling strength, and Id3 expression
levels correlate with commitment to the gd cell fate. Cells
committed to the gd cell fate display higher levels of Id3
expression (114). Id3 plays a critical role in gd/ab lineage fate
decision. Loss of Id3 decreases the number of gdTCR+ cells,
however Id3 overexpression does not increase the number of
gdTCR+ cells or influence their maturation (114). Thus, Id3 is
necessary but not sufficient to drive the gd cell fate. Egr acts
upstream of Id3 to promote the gd cell fate, but likely also effects
other pathways besides Id3 to promote gd T cell development, as
Egr1 overexpression is sufficient to increase the frequency of gd T
cell (114, 116). The increase in gd T cells depends in part, on Id3
activation, as the Egr1 overexpression phenotype is diminished
in an Id3 deficient background (116). Id3 regulates the gd/ab
lineage fate decision by promoting the survival of gd T cells and
repressing the survival of ab T cells in response to strong TCR
signals. In response to a strong gd TCR signal, Id3 deficiency
increases the expression of the anti-apoptotic protein Bcl-XL and
the survival of cells committed to the ab lineage, while reducing
expression of the anti-apoptotic protein Bcl-2 in mature gd T
cells (116).

The E-ID Axis Regulates Rag Expression
in the T Cell Lineage
There are two waves of Rag expression in developing T cells. The
first wave peaks in DN cells at a time when the TCRb, TCRd, and
TCRg loci rearrange. The second wave peaks in double positive
(DP) T cells during the course of TCRa rearrangements (117). The
E-Id protein axis is critical to coordinate these waves of Rag
expression. The E proteins, E2A and HEB, positively regulate the
expression of Rag1 and Rag2 in DN and DP cells (30, 37, 118).
Many studies have sought to characterize the cis-regulatory
elements that regulate Rag expression in thymocytes (41, 119,
120). Rag1 and Rag2 share a single genetic locus and their
expression in T cells depends on two overlapping cis regulatory
elements, the Rag-T cell enhancer (R-TEn) and the anti-silencer
element (ASE). E2A directly binds to E-boxes in R-TEn, which is
located within ASE, as well as the Rag1 promoter and upregulates
Rag1/2 expression by coordinating or maintaining the assembly of
a transcriptionally active chromatin hub at the Rag locus in both
DN and DP cells. Deletion of R-TEn induces developmental blocks
at the DN3 and DP cell stages (41, 120). Following productive TCR
rearrangements, Id3 protein expression is upregulated in response
to pre-TCR signaling, positive selection and gd TCR signaling (116,
121, 122). Enforced expression of Id3 in T cell progenitors reduces
levels of Rag1 and Rag2 (123). These studies suggest that Id
proteins function to promote allelic exclusion by antagonizing
E2A binding at the Rag locus, which downregulates Rag1/2
expression and thus prevents further TCR rearrangements (124).

TCRb Rearrangement
In addition to positively regulating Rag expression, high E
protein activity in early thymocyte development promotes
TCRb rearrangements by increasing chromatin accessibility of
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the locus. The murine TCRb locus is composed of Vb, Db, and Jb
genes. The locus recombines in a step-wise manner, with Db to Jb
rearrangement occurring before Vb to Db Jb rearrangement
(125). Recombination of the TCRb locus is dependent on the
TCRb enhancer (Eb), which drives germline transcription at and
promotes chromatin accessibility of the Db-Jb gene clusters (126–
129). In DN thymocytes, E2A binds to conserved E-box binding
sites in Eb, the Db2 promoters, and the majority of Vb
promoters and drives germline transcription from Vb
promoters as well as H3 histone acetylation at Vb, Db and Jb
genes in dosage dependent manners, likely by directly binding to
and recruiting the histone acetyl transferases CBP and p300 (37,
68, 130, 131).

E2A deficient and null mice have reduced numbers of
thymocytes, exhibit a partial block in thymocyte development at
the DN1 stage, and display gene dosage dependent deficiencies in
both Db-Jb and Vb-DbJb rearrangements (37, 103, 132). HEB plays
a modest role in TCRb recombination. HEB deficient mice show
dosage independent deficiencies in Vb germline transcription, and
do not display a partial developmental block until the ISP stage
(113, 131). It is possible that the modest defects in rearrangement
seen in E2A and HEB deficient mice are caused by loss of a single
E protein being compensated for by homodimers of the remaining
E-protein (133, 134). Studies designed to address concerns of
compensation generated mice with double conditional knockouts
of HEB and E2A at an early stage in lymphocyte development
(HEBfl/fl E2Afl/fl Lck+/Cre), as well as mice that express a dominant
negative HEB gene (HEBbm/bm), which contains a mutation in the
DNA binding region of HEB and forms non-functional
heterodimers with E2A (134, 135). Studies with these mice
confirmed that E2A and HEB can partially functionally
compensate for one another. Both HEBfl/fl E2Afl/fl Lck+/Cre and
HEBbm/bm exhibit severe developmental blocks at the DN stage,
and HEBbm/bm show severely impaired Vb-DbJb rearrangements
(134, 135). Together, these data show that the E-proteins play
essential and overlapping roles in controlling TCRb
locus assembly.

b-Selection
Successful rearrangement of a TCRb chain results in expression
of a pre-TCR containing the TCRb chain and a surrogate light
chain TCRa (pre-Ta) . Pre-TCR signaling indicates
rearrangement of a productive TCRb allele, ensures allelic
exclusion by blocking further TCRb rearrangement, and allows
cells to transition past the b-selection checkpoint and develop
into DN4 and DP cells. The E-Id axis acts on many levels to
regulate proper development at the b-selection checkpoint. E47
and HEB regulate pre-Ta expression in a dose sensitive manner
(135, 136). E2A and HEB double conditional knockout mice
exhibit a severe developmental block at the DN3 stage, exhibit
normal TCRb rearrangements, but have reduced pre-Ta
expression, suggesting that this block could be due to lack of
pre-Ta protein (135).

The E-Id axis also regulates the proliferation of thymocytes
before and after b-selection. Prior to b-selection, E2A activity
suppresses IL-7 induced proliferation. DN3 cells engaging in
TCRb rearrangement are cell cycle arrested in G1. After
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productive TCRb rearrangement, pre-TCR signaling induces
many rounds of proliferation as cells transition to DN4 and
DP stages. HEB and E2A are necessary to keep DN3 cells in a low
or non-proliferating state prior to pre-TCR signaling (135, 137,
138). Pre-TCR signaling inhibits E protein activity primarily by
inducing expression of Id3 and by promoting E2A degradation.
This loss of E protein activity then allows proliferative expansion
of DP thymocytes. Upregulation of Id3 and silencing of E protein
activity functions to ensure allelic exclusion by reducing E2A
occupancy at the TCRb enhancer and Vb regions, as well as CBP
and H3 acetylation at Vb regions. Inhibition of E2A is essential
for allelic exclusion. Enforced expression of E47 in DN
thymocytes that already contain a functional TCRb transgene
enables continued rearrangement of the TCRb loci (37). Further,
E2A is essential to enforce the b-selection checkpoint. E2A
deficiency allows thymocytes that have not undergone TCRb
rearrangement to bypass selection and develop into DP and even
single positive thymocytes (137, 138).

TCRa Rearrangement
The TCRa and TCRd genes share a single genetic locus, with the
TCRd genes nested within the TCRa genes, such that
rearrangement of the TCRa gene results in deletion of the
entire TCRd gene (139). Rearrangements of the TCRa/d locus
are regulated by two enhancers, Ea and Ed (140). In DP cells, pre-
TCR signaling deactivates the Ed enhancer, activates the Ea
enhancer, and promotes the formation of a chromatin hub in
which CTCF and cohesin mediate long range chromatin
interactions between Ea, the more proximal 3’ Va/d and the
more 5’ distal Ja promoters and drives germline transcription
(141). The Ea enhancer contains three E-boxes, two of which are
occupied by E2A prior to pre-TCR signaling. The third E-box
site is bound by E2A only in DP cells and is not occupied in
HEB-/- cells, which suggests that this site is bound by a E2A-HEB
heterodimer (142). Ea does not drive TCRa expression in
mature ab T cells and is inactivated following positive
selection. Following Ea inactivation the TCRa chromatin hub
dissolves. There is a loss of long-range enhancer-promoter
interactions, activating histone modifications (H4K3me1 and
H4K3me3), and E2A and HEB binding to the enhancer (143).

TCRg Rearrangement
E2A and HEB promote TCRg rearrangements. E2A and HEB are
each sufficient to initiate TCRg rearrangements in non-lymphoid
cells expressing Rag1 and Rag2 (144). The TCRg locus is
composed of 3 functional clusters: Cg1, Cg2, and Cg3.
Rearrangement of the Cg1 cluster has been the most extensively
studied. The Cg1 cluster contains four Vg genes and one Jg gene
(Jg1). Vg genes in the Cg1 cluster rearrange with Jg1 in a
developmentally ordered manner. The more proximal Vg3 and
Vg4 rearrange in early fetal thymocytes, while the more distal Vg2
and Vg5 rearrange later in development (140).

E2A regulates ordered Vg rearrangements (145, 146). In fetal
thymocytes, both Vg2 and Vg3 genes have permissive chromatin
states, and the rearrangement preference for Vg3 depends on its
more proximal location to Jg1 (147–150). In adults thymocytes,
selection of Vg genes for rearrangement depends on the Vg
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promoters (151). E2A regulates ordered rearrangement of Vg
genes by increasing chromatin accessibility at Vg2 and reducing
chromatin accessibility at Vg3 in adult thymocytes. E2A and
HEB bind directly to the Vg2 gene in vivo and positively regulate
GLTs from and histone acetylation at the Vg2 gene in a dose
dependent manner. E2A deficient mice have reduced Vg2
rearrangements in both fetal and adult thymocytes. Further,
E2A represses Vg3 GLTs in adult mice, and E2A deficient mice
have increased Vg3 rearrangements in adult thymocytes. These
results indicate that while E2A promotes Vg2 rearrangement in
both fetal in adult thymocytes, ordered rearrangement depends
on specific repression of the fetal Vg3 gene in adult thymocytes
by E2A (145, 146).

TCRd Rearrangement
Unlike other antigen receptor loci composed of V, D and J gene
segments, Vd to Dd rearrangement usually precedes Dd to Jd
rearrangement (152). E2A has a role in promoting Vd-Dd
rearrangements, but not in Dd-Jd rearrangements (145).
Expression of E2A or HEB with Rag in non-lymphoid cells can
induce Vd-Dd rearrangements (144). Like in TCRg development,
the TCRd locus rearranges particular Vd genes at specific stages
in development. Recombination of Vd1 predominates in early
fetal development, but Vd1 rearrangement is rare in the adult
thymus. Vd5 rearrangement begins later in development and
predominates in the adult thymus (152, 153). E2A acts to both
positively and negatively regulate rearrangement of particular
Vd genes in adult and fetal thymocytes. E2A represses Vd1
rearrangement in adult thymocytes in a dose dependent manner,
and E2A deficient mice exhibit increased rearrangements
involving Vd1. E2A also promotes rearrangement of the
predominantly adult gene Vd5. Vd5 rearrangements that
usually predominate in the adult thymus are not present in
E2A deficient mice. In E2A deficient mice, Vd5 rearrangements
are reduced fetal thymocytes in a dose dependent manner and in
adult thymocytes in a dose independent manner (145).
MODULATION OF NATURAL KILLER
T CELL DEVELOPMENT
AND REARRANGEMENT

While Id3 is generally involved in orchestrating gd cell fate, the Id
proteins restrict development of a specific subset of gd T cells, gd
NKT cells. gd NKT cells are innate-like gd T cells that express a
semi-invariant receptor (Vg1.1Vd6.3), and are associated with
many innate like characteristics. Loss of Id3 expression in gd T
cells leads to higher E protein activity, upregulation of Egr2,
PLZF, and c-Myc and proliferative expansion of gd NKT cells
(154). Id3 deficient mice also show an expanded population of gd
NKT cells (155–157). Id2 either cooperates with or can
compensate for Id3, and gd NKT cells are expanded even more
so in Id3 deficient mice that also have compromised Id2 function
(157). Deletion of Id2 promotes a smaller expansion of gd T cells,
although interestingly, this expansion of gd is not limited to cells
expressing Vg1.1Vd6.3 (157). Id2 and Id3 restrict development
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into the NKT gd T cell fate by inhibiting E protein activity, and
deletion of E proteins in Id deficient mice reverts the expansion
of NKT gd T cells (156, 157).

The mechanism by which inhibition of Id protein activity
expands the gd NKT population is unclear. It is possible that gd
NKT expansion could be a result of increased rearrangement,
however there are conflicting findings regarding whether the
expansion of Vg1.1 gd NKT cells in Id3 deficient mice occurs at
the expense of other gd T cells. It has been reported that Id3-/-

mice have reduced numbers of Vg2 and Vg3 dendritic epidermal
T cell (DETC) subsets (116). Others note that the expanded use
of the Vg1.1 gene is not at the expense of other Vg genes, and that
the number of cells expressing Vg2 and Vg5 genes is the same,
though the proportion of gd T cells expressing them is reduced
(158). One possible explanation for the expansion of gd NKT
cells is that these cells are normally deleted as a result of excessive
gdTCR signaling, but Id3 deficiency allows them to escape
deletion and proliferate (159).

A small fraction of DP thymocytes differentiate into invariant
NKT (iNKT) cells, driven by heightened E protein activity and
modulation of Id2/3 protein expression (160). Upon positive
selection, iNKT cells further mature into multiple subsets,
including NKT1, NKT2 and NKT17 cells. These developmental
transitions are again instructed by E-Id protein activity to indirectly
impact CD8+ T cell fate (161–165). iNKT cells express an invariant
TCRa chain composed of the distally located Va14-Ja18 gene
segments, which recombine in secondary TCRa rearrangements.
Several rounds of Va to Ja recombination occur during TCRa
rearrangement. Primary rearrangements of the TCRa locus make
use of the most proximal 3’ Va genes and most distal 5’ Ja genes.
Secondary rearrangements make use of more 5’ Va and 3’ Ja
segments. Recombination is terminated when cells either pass
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positive selection or undergo cell death. Prolonged survival at the
DP stage allows cells to undergo more sequential arrangements
before undergoing cell death. HEB cooperates with TCF-1 to
promote the survival of DP thymocytes by positively regulating
the anti-apoptotic gene Bcl-XL (118, 166–169). DP thymocytes
which lack HEB have an impaired ability to survive, rearrange their
distal Ja genes less, and completely lack iNKT cells. This loss of
iNKT cells is attributed to the shortened lifespan of DP cells and
subsequent deficiencies in secondary TCRa rearrangements, as
ectopic expression of Bcl-XL restores secondary TCRa
rearrangements and iNKT development (118). Taken together,
these data indicated that HEB instructs the generation of a
diverse ab T cell repertoire, enabling usage of all distally located
genes and the development of iNKT cells (Figure 5).
MODULATION OF MATURE
T CELL DEVELOPMENT

E protein activity mediates the development of DP thymocytes
into unique developmental fates within the CD4+ or CD8+ T cell
compartments. The role of E2A and HEB in supporting the
development of an appropriate ratio of CD4+ to CD8+ T cells is
now well established (170–172). These E proteins bind to CD4 E-
box site to support CD4+ development while antagonizing Id2/3
activity is required for CD8+ development (171–173). E proteins
mediate this development by modulating CCR7 and IL7Ra
expression (171). Conversely, this activity is suppressed by Id
proteins to guide CD8+ development (171). After the successful
rearrangement of the TCRb and TCRa loci, TCR-signaling
induces Id3 expression, which is then maintained to enforce a
naïve state in peripheral T cells (174). Id2 is then upregulated at a
FIGURE 5 | HEB prolongs survival of DP thymocytes and rearrangements of distal Va and Ja gene segments. Rearrangement of the TCRa locus proceeds by a
deletional mechanism, in which the more proximal gene segments rearrange first. Cells that undergo productive rearrangements that pass positive selection mature
into CD4+ and CD8+ mature T cells. Cells with unproductive rearrangements undergo secondary rearrangements, until the cells either produce a productive TCRa
allele or undergo cell death. HEB, along with TCF-1, promotes rearrangements of more distal TCRa genes by prolonging cell survival during this process. HEB is
crucial for the rearrangement of distal TCRa genes, production of a diverse ab T cell repertoire, and generation of iNKT cells expressing an invariant TCRa protein
composed of the distally located Va14 and Ja18 genes.
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later stage through an unknown pathway. Id2 was found to
downregulate Id3 while Id3 had no effect on Id2 expression,
indicating that some of the Id2-mediated effects on gene
expression may be indirect (175). In summary, sustained
sequestration of E proteins by Id proteins may maintain
thymic single positive T cells in a naïve state.

CD4+ T cells are instructed towards unique developmental
fates by the delicate balancing and timing of E protein activity.
Unopposed E protein activity readily leads to the development of
innate variant follicular helper T cell (TFH) cells (174). In
peripheral CD4+ T cells, Id2 and Id3 act to support the Th1
development while restraining TFH lineage differentiation (176).
In parallel studies it was shown that Id2 suppresses TFH

development and expansion by activating the PI3K–AKT–
mTORC1–Hif1a and c-myc/p19Arf pathways (173, 177). An
alternative pathway that underpins TFH cell development may
involve the induction of Bcl6 expression, which in turn inhibits
Id2 expression (176). By permitting TFH development, E proteins
also influence the formation of germinal centers, with higher
amounts of GC and PC B cells found in both thymi and
peripheral lymphoid organs derived from mice that harbor
Id2/3 deletions (173, 174). These findings highlight the
importance of E protein activity in T cells in coordinating a B
cell response and for germinal center adaptive immune cell
development. Id proteins also orchestrate developmental
progression of Treg cells (178, 179). Upon depletion of Id2 and
Id3 expression in Treg cells mice readily develop Th2-cell
mediated inflammatory disease (178–180). Collectively these
studies revealed that E and Id proteins modulate the
development of an ensemble of distinct peripheral CD4+ T
cells to combat infection and suppress the development of
autoimmune disease.

Id2 and Id3 also regulate E protein activity to instruct CD8+ T
cell development. Naïve CD8+ T cells stimulated by the
appropriate antigen readily elevate E-protein DNA binding
(181). A series of elegant studies revealed that the E-Id protein
axis also controls the developmental progression of CD8+
effector and memory T cells (175, 182–186). High levels of Id2
expression are required to instruct CD8+ effector T
differentiation while suppressing the development of CD8+
memory cells (182, 183, 185). Conversely, upregulated Id3
expression promoted the development of Cd8+ memory cells
(175). Id proteins further perform a key role in orchestrating the
development of long-lived resident memory (Trm) cells (187). In
summary, E and Id proteins play critical roles in orchestrating
the development of an ensemble of immune cell types that act
collectively to combat infection.
TRANSCRIPTIONAL BURSTING AND RNA
DECAY PATHWAYS DICTATE E2A AND
E2-2 mRNA HETEROGENEITY

Very early studies revealed that E47 protein abundance is noisy
in naïve B cells. While a small proportion of naïve B cells express
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detectable levels of E47, E47 abundance is uniformly high in
activated B cells (90). Consistent with these observations, more
recent studies showed that E47 mRNA abundance varied across
the naïve B cell population while heterogeneity in E47 mRNA
levels in activated B cells was low (188). These findings raised the
question as to how such differences in mRNA abundance and
heterogeneity are established. Quantitative studies have
addressed this question (188). E2A and E2-2 bursting
frequencies and mRNA life-times differ between naïve and
activated B cells. In naïve B cells, E2A and E2-2 bursting
frequencies are low and mRNA life-times are short. Conversely
in activated B cells E2A and E2-2 bursting frequencies are high
and mRNA life-times are long (188). These findings bring into
question how alterations in E2A and E2-2 mRNA life-times are
established. One possible mechanism involves miRNA instructed
fine-tuning of E2A and E2-2 mRNA abundance, and it will be
important to identify potential miRNAs that target HLH genes.
Finally, we would like to consider a role for heterogeneity in E2A
and E2-2 mRNA abundance in instructing lymphocyte
activation. We suggest that upon interacting of the BCR with
invading pathogens, E2A and E2-2 heterogeneity in mRNA
abundance permits a swift and clonal response. In such a
scenario, the few B naïve cells that are actively bursting across
the B cell population are primed to readily undergo CSR or
rapidly develop into differentiating plasma cells. Conversely,
increased E2A and E2-2 bursting frequencies and lower mRNA
decay rates in activated B cells may decrease heterogeneity in
E2A and E2-2 abundance to orchestrate B cell maturation. We
propose that similar mechanisms instruct the immune response
in T cells. Upon viral or tumor encounters the decision to
differentiate into effector or memory T cell fate is similarly
dictated by the combined alterations in E2A, E2-2 and HEB
bursting frequencies and mRNA life-times.
CONCLUSION

Over three decades of research have highlighted critical functions
of E- and Id-proteins in instructing adaptive immune
development. E-proteins activate B- and T-lineage specific gene
programs to specify B and T cell fate. They promote the assembly
of antigen receptor loci to generate a diverse antibody and TCR
repertoire. In maturing thymocytes, the E- and Id-proteins
promote thymocyte selection. In peripheral B and T cells,
the rise and fall in E- and Id-proteins orchestrate the
development of an array of regulatory, effector and memory
cell types. In mechanistic terms, E-proteins sequester histone
acetyltransferases across the enhancer landscape to promote
the deposition of H3K27Ac. The deposition of H3K27Ac, in
turn, initiates loop extrusion to assemble a wide ensemble of
loops across antigen receptor loci and down-stream target
genes. We suggest that these proteins also assemble loop
domains into nuclear condensates to regulate antigen receptor
loci rearrangement and lineage specific programs of gene
expression. Finally, we propose that alterations in HLH
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bursting frequencies and mRNA life-times increase and/or
narrow heterogeneity in mRNA abundance to establish B or T
cell identity, thereby instructing the developmental progression
of peripheral effector and memory lymphocytes in response to
invading pathogens.
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Transcriptional dynamics and
epigenetic regulation of
E and ID protein encoding
genes during human
T cell development

Juliette Roels1,2,3†, Jolien Van Hulle1†, Marieke Lavaert1,
Anna Kuchmiy1,3, Steven Strubbe1, Tom Putteman1,
Bart Vandekerckhove1,3, Georges Leclercq1,3,
Filip Van Nieuwerburgh3,4, Lena Boehme1*‡

and Tom Taghon1,3*‡

1Department of Diagnostic Sciences, Ghent University, Ghent, Belgium, 2Department of
Biomolecular Medicine, Ghent University, Ghent, Belgium, 3Cancer Research Institute Ghent (CRIG),
Ghent, Belgium, 4Laboratory of Pharmaceutical Biotechnology, Ghent University, Ghent, Belgium
T cells are generated from hematopoietic stem cells through a highly organized

developmental process, in which stage-specific molecular events drive

maturation towards ab and gd T cells. Although many of the mechanisms

that control ab- and gd-lineage differentiation are shared between human and

mouse, important differences have also been observed. Here, we studied the

regulatory dynamics of the E and ID protein encoding genes during pediatric

human T cell development by evaluating changes in chromatin accessibility,

histone modifications and bulk and single cell gene expression. We profiled

patterns of ID/E protein activity and identified up- and downstream regulators

and targets, respectively. In addition, we compared transcription of E and ID

protein encoding genes in human versus mouse to predict both shared and

unique activities in these species, and in prenatal versus pediatric human T cell

differentiation to identify regulatory changes during development. This analysis

showed a putative involvement of TCF3/E2A in the development of gd T cells. In

contrast, in ab T cell precursors a pivotal pre-TCR-driven population with high

ID gene expression and low predicted E protein activity was identified. Finally, in

prenatal but not postnatal thymocytes, high HEB/TCF12 levels were found to

counteract high ID levels to sustain thymic development. In summary, we

uncovered novel insights in the regulation of E and ID proteins on a cross-

species and cross-developmental level.

KEYWORDS

E proteins, ID proteins, T cell development, human, thymocytes, gene regulation,
epigenetics, gene regulatory networks
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1 Introduction

Cellular differentiation is directed by alternating cues for

proliferation and differentiation of precursor cells to their final

state. In many different cell types E proteins and their inhibitory

antagonists ID proteins play an indispensable role in guiding this

process. E proteins are basic helix-loop-helix (bHLH)

transcription factors that can engage histone modifiers,

transcriptional co-activators and DNA binding proteins. As

homodimers or heterodimers with other HLH protein family

members they bind the six nucleotide CANNTG E box motif in

the DNA, which is where their name originates from (1, 2). As

such, E proteins can support multiple developmental programs

by inducing cell cycle arrest and allowing cellular differentiation

(2, 3).

ID proteins, on the other hand, are members of the HLH

protein family (4). They can engage with E proteins to inhibit

their function by competitive interaction. All ID proteins lack

the basic DNA binding domain found in bHLH proteins.

Therefore, E-ID dimers cannot bind DNA, which interferes

with the E proteins’ transcription factor activity. Generally, the

inhibitory interaction of ID with E proteins lifts the cell cycle

arrest and promotes cell cycle re-entry at the expense of

differentiation, hence their name, Inhibitor of Differentiation (3).

There are three E protein encoding genes, TCF3 (also known

as E2A), TCF4 (also referred to as E2-2) and TCF12 (also known

as HEB). In addition, TCF3 and TCF12 each have two annotated

isoforms that are generated by either alternative splicing (TCF3:

E12/E47), or alternative transcription initiation (TCF12:

HEBalt/HEBcan), respectively (5). On the other hand, four

genes code for ID proteins, namely ID1 to ID4. The level of

redundancy between different members of the ID and E protein

family is not entirely clear. It is thought that the combined

expression level of the different E or ID proteins is a major

determinant for differentiation (6–9); however, on top of that,

each protein likely has its own unique functions, which can be

appreciated by single gene murine knockout experiments (10).

During hematopoiesis, E and ID proteins play an

indispensable role at numerous differentiation stages from

hematopoietic stem cells (HSCs) to functional myeloid and

lymphoid cells. The balance between ID (ID1) and E proteins

(E47) can guide HSCs in the direction of myeloid or lymphoid

precursors, respectively (11). Similarly, during lymphoid

development, the lineage decision between natural killer (NK)

and T cells is directed by the ratio of ID to E proteins, with high

ID (ID2 and ID3) protein activity favoring NK cell fate (12, 13).

In contrast, the fate of Dendritic Cells (DCs) is determined by

the activity of different TCF4 isoforms regulating the

plasmacytoid DC (pDC) versus conventional DC (cDC)

lineage entry (14). The short TCF4 isoform is expressed in

both cDCs and pDCs but is actively repressed by ID2 (under

influence of BCL11A) during cDC development. pDCs on the
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other hand, have specific expression of the long TCF4 isoform,

which is needed for their development (14).

T cells develop in the thymus from multipotent lymphoid

precursors. During this differentiation process, multiple decision

checkpoints exist to generate the wide variety of conventional

(ab) and unconventional (gd, CD8aa, MAIT, Treg and NK-T)

T cells (15, 16). First, bone marrow-derived progenitors

gradually differentiate into immature T-lineage specified cells

and eventually commit to the T cell fate, excluding potential for

other lineages (Figure 1A). From here onwards, committed

thymocytes start to rearrange their d, g and b T cell receptor

(TCR) chains in a process known as V(D)J recombination,

mediated by the Recombination-Activating Gene (RAG)

proteins (17). Successfully rearranged d and g chains pair

together to form a gd TCR, which instructs the developing

thymocyte to differentiate further into mature gd T cells,

whereas predecessors of ab T cells require additional selection

steps. TCRB rearranging T cells form a pre-TCR by combining

the b and the invariant pTa chain during a process called b-
selection (15). If the pre-TCR signals with adequate intensity, the

rearrangement of the a−chain is initiated, which results in

progression to the CD4+CD8b+ double positive (DP) stage of

T cell development. DP thymocytes cells undergo negative and

subsequently positive selection to ultimately result in mature

naïve CD4 or CD8 single positive (SP) ab T cells. Alternatively,

DP thymocytes cells can also give rise to NKT or MAIT

cells (18).

During several stages of T cell development E and ID protein

driven transcriptional regulation is crucial to ensure proper T

cell generation. For instance, the absence of TCF3 partially

blocks the earliest stages of thymic differentiation in the mouse

(19, 20). TCF3 is an activator of NOTCH1 and of NOTCH1

target genes including Hes1 and Dtx1, thereby priming early

thymocyte differentiation (21, 22). Next, TCF3 also activates

Ptcra and Rag expression, which are necessary to initiate TCR

rearrangements (22–24). TCF12 is equally essential for T cell

development, which is illustrated by Tcf12-deficient mice that

develop a thymic differentiation arrest, albeit later than Tcf3-

deficient mice, before the transition to DP thymocytes cells (8).

This can in part be explained by TCF12 cooperating with the

TCF3 isoform E47 to increase accessibility of the TCR Vb locus

(25). During T cell development, starting from the formation of

the pre-TCR, E protein activity is gradually inhibited by ID

proteins. This is partially mediated by TCR-mediated induction

of Egr1 expression via the RAS–ERK–MAP kinase (MAPK)

pathway, which in turn activates Id3 transcription (26, 27). The

gd TCR is known to give a stronger signal than the pre-TCR (28),

which is consistent with high expression of Id3 in immature gd T
cells (28–31). Moreover, Id3 expression in gd T cells remains at

higher levels, while a significant decrease in expression can be

observed for differentiating ab thymocytes, further indicating

the specificity of ID3 for gd T cells (32–34). High ID3 activity
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was recently shown to inhibit Tcf1 expression in gd T cells in

order to lock in the gd-lineage fate and effector potential in fetal

murine thymocytes (35).

Most of our current knowledge about E and ID protein

function during T cell development is based on studies in mice.

However, there are some key differences in thymocyte

differentiation between mouse and human, especially during

the ab-gd lineage bifurcation. For instance, both murine and

human thymocyte development include an Immature Single

Positive (ISP) stage (CD4+CD8- in human, CD8+CD4- in

mice), but while in mice this occurs after b-selection, in

human the ISP stage precedes b-selection. Moreover, the order

and timing of TCR locus rearrangement differs between the two

species, with TCRD, TCRG and TCRB loci rearranging in this

chronological order in the human thymus, whereas in mouse V

(D)J recombination of the Tcrb locus occurs earlier (36). Human

thymocytes have also been shown to retain gd potential

throughout a long developmental window since TCRgd+ DP

thymocytes can be detected, whereas in wildtype mice, gd
potential is usually extinguished by the time they reach the DP
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stage (37, 38). Further mechanistic differences between mice and

human, such as dependance on Notch signaling, have been

established (34).

Similarly, fetal T cell development also differs from postnatal

development in several aspects. A quantitative imbalance of

thymic output of gd T cell subsets is observed in prenatal

compared to postnatal human T cell development (39, 40).

The gene expression dynamics of ID proteins, particularly ID1

and ID2, are also different in fetal compared to postnatal

thymocytes as shown by analyses in mice (41). However,

whether this difference in expression levels is directly linked to

the differences in thymic output is currently unknown. In adult

thymocytes, TCF3 does block certain TCRG V rearrangements

that are specifically recombined in a fetal context (19, 42), which

may also indicate a role for E and ID proteins in the balance of gd
T cells before and after birth (43–45).

In this study, we employed bulk and single cell sequencing

profiling methods to uncover the regulatory roles of E and ID

proteins during human T cell development. We compared our

extensive human postnatal thymic data to murine postnatal and
A

B C

FIGURE 1

Surface markers distinguish subsequent stages of human thymocyte development. (A) Schematic depiction of stages of T cell development in
the human thymus. (B) Dot plot visualizing pseudo-bulk expression of known thymocyte markers per annotated cluster in the pediatric single
cell data set. Non-imputed data was log-normalized, averaged and scaled by gene. (C) UMAP visualizing the annotated clusters in the pediatric
single cell thymus data set.
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human prenatal datasets to gain a better understanding of

species-specific and developmental differences, which is of

great importance for translational studies. Next, we used gene

regulatory network analysis to gain a better understanding of the

fine regulatory influence that E and ID protein encoding gene

expression has on developing thymocytes. This comprehensive

analysis confirmed that many of the findings in mice also hold

true in a human context. Nevertheless, we found prominent

differences between human and murine expression dynamics of

TCF3. Furthermore, in human, we found evidence for a

regulatory role of TCF3 only after increased accessibility of the

TCRG locus, which is delayed compared to mouse. Using single

cell analysis, we next identified a small cluster of immature gd T
cells that is characterized by ID3 and TCF3 expression. In

contrast, a cluster of b-selecting cells was identified along the

ab-lineage trajectory that has a very high ID to E protein ratio,

likely induced by pre-TCR signaling. Finally, prenatal

thymocytes showed an early induction of ID gene expression

and stronger TCF12 transcription seems to compensate for this.

In conclusion, we here provide a comprehensive analysis of E

and ID protein encoding gene activity during thymic

differentiation and uncover novel insights into the function of

these proteins in different thymic developmental lineages

in human.
2 Materials and methods

2.1 Bulk data analysis

Bulk expression profiling by RNA-seq, chromatin

accessibility profiling by ATAC-seq and histone modification

profi l ing (H3K4me3, H3K27ac and H3K27me3) by

ChIPmentation was previously generated by our group on

developing T cells subsets (46). The IGV Genome Browser

was used for visualization of all sequencing tracks. RNA

expression counts are shown as transcripts per million

reads (TPM).

To identify putative transcription factor binding sites,

transcription factor footprinting analysis was performed.

Transcription factor footprinting combines information from

ChIP-seq derived transcription factor motifs with chromatin

accessibility information from ATAC-seq. The presence of a TF

prevents the cleavage of DNA, leaving a unique footprint in

ATAC-seq reads. This method increases the accuracy of

predicting transcription factors’ presence at their binding sites.

For footprinting analysis, Bed files generated from ATAC-seq

data were used after peak calling with MACS2, as previously

described (46, 47). The footprinting analysis was done with the

Regulatory Genomics Toolbox (RGT) functions “rgt-HINT” and

“rgt-motif analysis matching” (48) using the JASPAR vertebrate

motif database (49).
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2.2 Single cell data generation

2.2.1 Antibodies
CD1a-APC (Biolegend), CD4-PE-Cy7 (Biolegend), CD4-PE

(Biolegend), CD8a-FITC (Biolegend), CD8a-APC-Cy7

(Biolegend), CD45-BV510 (BD), CD3-APC (Biolegend)

2.2.2 Cell type enrichment on postnatal
thymus samples

Pediatric thymus from children undergoing cardiac surgery

was obtained according to and used with the approval of the

Medical Ethical Commission of Ghent University Hospital,

Belgium. Thymus tissue was cut into small pieces and digested

with 1.6 mg/ml collagenase (Gibco, 17104-019) in IMDM

medium for 30 min at 37°C to generate a single cell

suspension. The reaction was quenched with 10% FBS and the

thymocyte suspension was passed through a 70 mm filter to

remove undigested tissue. Cells were frozen in FBS containing

10% DMSO and stored in liquid nitrogen until needed. Upon

thawing, thymocytes were enriched for cell types of interest

(CD34+ cells, ISPs, DPs, TCRgd+ thymocytes) using bead-based

enrichment/depletion and FACS. To obtain DP thymocytes,

cells were labelled with antibodies and FACS sorting was used

to obtain equal proportions of CD8a+CD4+CD3+ and

CD45+CD8a+CD4+CD3- thymocytes. CD34+ cells were

obtained through enrichment with CD34 magnetic-activated

cell-sorting (MACS) microbeads (Miltenyi, 130-046-703),

labelled with anti-CD1a and subsequently FACS sorted to

include equal proportions of CD1a+ and CD1a- cells. To

enrich ISPs, thymocytes were labelled with anti-CD3 (clone

OKT3, produced in-house) and anti-glycophorin A (clone

10F7MN, produced in-house) and CD3+ and Glycophorin+

cells were subsequently depleted using sheep anti-mouse IgG

magnetic Dynabeads (Invitrogen). This was followed by FACS

sorting for CD3-CD8a-CD4+ thymocytes. To obtain TCRgd+

thymocytes, cells were enriched using anti-gd TCR Hapten

antibodies and anti-Hapten MACS microbeads (Miltenyi, 130-

050-701) according to the manufacturer’s instructions and

subsequently FACS sorted for TCRgd+CD3+.
2.2.3 Library preparation and sequencing
The sorted cells were resuspended in PBS containing 0.04%

BSA at a concentration of approximately 1200 cells/ml. 16.5ml
cell suspension per sample was loaded onto a Next GEM Chip G

(10X Genomics) according to the manufacturer’s instructions

and the Chromium Controller was used to generate GEMs.

Reverse transcription, amplification and library preparation

were carried out using the Next GEM Single Cell 3’ GEM v3.1

kit (10X Genomics) according to the manufacturer ’s

instructions. Libraries were multiplexed and sequenced to a

mean depth of 23.000-54.000 reads/cell.
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2.3 Single cell data analysis

2.3.1 Preprocessing
Published sequencing data was downloaded from

ArrayExpress, GEO and NODE (see Data Availability Statement

and Table S1). All fastq files were mapped to the human reference

genome GRCh38 using CellRanger version 6.0.1 (10X Genomics).

Subsequently, prenatal and pediatric data were analyzed separately.

H5 files were loaded into R and analyzed using the Seurat package

(50). Cells with over 10% (pediatric data) or 7.5% mitochondrial

reads (prenatal data), fewer than 700 reads or expressing fewer than

250 genes were considered to be of low quality and removed from

the dataset. The scDblFinder package (51) was used to identify and

exclude doublets. In addition, cells with unusually high gene count

were removed, with the cutoff varying from >2500 to >6000 genes

per cell depending on the sequencing depth of the respective library.

Finally, genes expressed in fewer than 10 cells across the entire

dataset were removed as non-informative.

Gene expression was log-normalized and the 2000 most

variable genes (HVGs) were identified using Seurat. To correct

for cell cycle-dependent effects but preserve information about

proliferative vs. quiescent cell states, cell cycle scoring was

conducted using the G2/M and S phase marker genes

provided in the Seurat package and the difference between

G2M and S scores was regressed out. Moreover, differences in

sequencing depth between samples were regressed out and data

was scaled and centered.

2.3.2 Dimensionality reduction, batch
correction and clustering

PCA was performed on the scaled HVGs. To reduce batch

effects between samples, MNN correction was applied to the PCA

matrix via the reducedMNN function from the Batchelor package

(52). For this step, every library was considered as a separate batch

and the merge order was manually specified to guarantee the

largest possible overlap in cell types between subsequently merged

libraries. The corrected PCA was used to generate an SNN graph

(k=50), which was then used to conduct Louvain clustering with

an initial resolution of 0.3. Large clusters were further subclustered

with a resolution of 0.1-0.8 to identify additional subpopulations

of interest. UMAP was used to visualize the results and known

marker genes for distinct stages of thymocyte development were

used to annotate the clusters (Figure 1B). Clusters with

comparable expression of marker genes were merged to obtain

the larger annotated clusters used for downstream analyses

(Figure 1C). Non-relevant clusters, such as dendritic cells, B

cells, stromal cells and NK cells, were removed from the dataset

prior to downstream analyses.

2.3.3 DGE, imputation and cell scoring
Differential gene expression analysis for clusters of interest

was carried out in a one-vs-all manner on the normalized data
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via the FindMarkers function from the Seurat package using a

Wilcoxon Rank Sum test and Bonferroni correction. Prior to

visualization, Markov affinity-based graph imputation of cells

(MAGIC) (53) was used to denoise the data and impute

dropout values.

The UCell package (54) was used to perform cell scoring. To

establish the E:ID score, TCF3, TCF4 and TCF12 were given

positive weights while ID1, ID2 and ID3 carried negative

weights. For Notch scoring the following genes were

considered indicators of Notch signaling activity: TCF7, HES1,

HES5, HEY1, DTX1, NOTCH1, NOTCH3, IL7R, CD7, PTCRA,

MYC, CCND1, NRARP and TCF3.

2.3.4 Pseudotime analysis
The destiny package (55) was used to establish a diffusion

map based on the first 20 principal components. Subsequently,

the first diffusion component was used as pseudotime measure.

Proliferating cells showed inconsistent clustering and were

therefore removed from the pseudotime ordering; moreover,

only ab-lineage cells were included in the analysis. The tradeseq

package (56) was used to fit a generalized additive model (GAM)

on the cell pseudotimes and to determine smoothed gene

expression values. Data was scaled and plotted using

pheatmap (57).

2.3.5 Gene Regulatory Network (GRN) analysis
GRN analysis was conducted using pySCENIC (58) and

SIGNET (59). Due to the compute-intensive nature of the two

pipelines the dataset was downsampled to a representative subset

of 50.000 and 10.000 cells, respectively. A list of human

transcription factors as well as motif ranking databases (mc9nr

hg38 500bpUp100Dw and TSS+/-10kbp) were obtained from

the online resources provided by the Aerts lab.

In line with the recommended pySCENIC workflow, the

GRNBoost2 algorithm (60) was used to determine co-expression

modules between transcription factors and potential targets.

Subsequently, regulon prediction was carried out using

cisTarget based on HGNC motif annotations and motif

ranking databases. Finally, the regulon activity per cell was

determined via enrichment scoring for the regulon target

genes using AUCell (61).

For detection of transcription factor-target co-expression

modules with SIGNET the same list of transcription factors was

supplied as for pySCENIC. RcisTarget (61) was used to prune

the modules based on motif rankings and HGNC annotations.

2.3.6 Automated cell type annotation of
prenatal data

The singleR package (62) was used to carry out automated

annotation of cell types in the prenatal dataset. For this purpose,

a pseudobulk gene expression reference was generated from the

pediatric single cell dataset. SingleR was then used to infer labels
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for individual cells based on similarity to the gene expression

signature of the annotated clusters in the pediatric data.
3 Results

3.1 Expression of E and ID protein
encoding genes throughout human
thymocyte development

To obtain a better understanding of the activity of E and ID

proteins during human T cell development, we made use of

bulk RNA-seq, ATAC-seq and ChIPmentation data for distinct

stages of human thymocyte development as described earlier

(46) (Figure 1A). In addition, we compiled a comprehensive

scRNA-seq dataset from multiple different sources (63–65)

including several new libraries (Figure S1A, Table S1),

incorporating approximately 280.000 thymocytes from 13

pediatric donors between the ages of 9 days and 13 years.

Sufficient coverage of rare developmental stages was achieved

through enrichment for specific cell types prior to library

preparation (Figures S1B and Table S1). UMAP-based

dimensionality reduction, unsupervised clustering (Figure

S1C) and manual annotation of the data based on known cell

type markers (Figures 1B and S1D, E) was carried out. In this

process, subclusters with comparable marker gene expression

were merged to form larger annotated cell populations

(Figure 1C). This confirmed that the single cell dataset spans

thymocytes across all developmental stages, from the most

immature precursors to the fully differentiated naïve T

cells (Figure 1C).

To establish gene expression trends along thymocyte

differentiation, we evaluated the transcript levels of the genes

that encode each of the E and ID proteins in both the bulk

samples, and in the continuum of the single cell dataset.

Analysis of TCF3 RNA levels revealed high expression in

immature thymocytes up until the earliest lineage-specific stages

of ab and gd T cell development (b-selected ISP CD28+ and

TCRgd +CD1a+ cells, respectively), followed by a gradual

downregulation in both lineages with ongoing maturation

(Figure 2A, top+middle). Even though TCF3 gene expression

was reduced in more mature thymocytes, active promoter marks

(H3K4me3 and H3K27ac) and a complete absence of repressive

chromatin modifications (H3K27me3) were detected at the

TCF3 locus throughout thymocyte development, supporting

sustained TCF3 transcription (Figure 2A, bottom).

Furthermore, we detected the expression of both TCF3

isoforms E12 and E47 at comparable levels in the bulk RNA-

seq dataset (data not shown).

Similar to TCF3, TCF4 transcript levels were found to follow

a downward trend as T cell development progressed (Figure 2B,

top+middle). However, TCF4 transcription already decreased

early on, at the T cell commitment stage (CD34+CD1a+), and the
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immature ab/gd-lineage cells showed a substantial reduction in

TCF4 RNA levels compared to preceding stages. This suggests a

swift shutdown of TCF4 transcription in differentiating

thymocytes, in contrast to TCF3 expression, which is

maintained throughout a wider developmental window.

Downregulation of TCF4 was associated with a moderate

reduction of H3K27ac and H3K4me3 at the gene promoter of

the long TCF4 isoform (Figure 2B, bottom). However, the

promoter of the short TCF4 isoform displayed profound

H3K27ac marks in the earliest developmental stages but was

completely shut down by the CD34+CD4+ stage. Ultimately, for

both isoforms, a decrease in chromatin accessibility after the DP

stage was observed, consistent with the drop in transcriptional

activity (Figure 2B, bottom).

The third E protein encoding gene, TCF12, exhibited a very

different expression pattern with low RNA levels in

uncommitted thymocytes and an initial peak around the

putative ab/gd bifurcation point (CD34+CD4+) (Figure 2C,

top+middle). In cells of the gd-lineage, TCF12 transcription

was subsequently reduced, while ab-lineage cells were found

to experience a second window of strong TCF12 expression at

the DP stage, followed by rapid downregulation at the DP-SP

transition. TCF12/HEB has two known isoforms, HEBcan and

HEBalt, both originating from alternative transcript initiation

(5). In our dataset, there was no evidence for a distinctly active

alternative start site for HEBalt in developing human

thymocytes. Indeed, a complete absence of open chromatin or

active promoter methylation was observed at this site (Figure 2C,

bottom) and expression of the N-terminal HEBalt-specific exon

was not detected. Therefore, HEBalt transcripts are presumably

only very lowly expressed, if at all, in our human thymic dataset.

In contrast to the HEBalt promoter, the promoter region of

HEBcan did exhibit H3K4me3 and K3K27ac histone marks, as

well as open chromatin. This was already evident in the most

immature thymocytes, thus preceding the higher transcription

levels, which suggests that the most immature thymocytes are

primed for TCF12 upregulation (Figure 2C, bottom). Shutdown

of TCF12 expression in the ab-lineage was accompanied by

chromatin closure and loss of H3K27ac in SP thymocytes. In

contrast, in gd-lineage thymocytes permissive chromatin marks

were lost in mature CD1a- cells, but chromatin accessibility was

maintained, suggesting a different mechanism of transcriptional

downregulation in these cells.

Since E protein activity is crucially controlled through

inhibitory dimerization with ID proteins (66), we also assessed

ID transcript levels throughout thymocyte development. ID1

gene expression exhibited a rapid increase, followed by a steep

decline, with the highest levels detected in CD3- DP thymocytes,

whereas few ID1 transcripts were identified in the preceding

immature stages or the more mature TCRab+ SP and TCRgd+

thymocytes (Figure 3A, top). This pattern resembles that of

TCF12, but comparison of expression at the single cell level on

UMAP showed that there was surprisingly little overlap in cells
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FIGURE 2

Expression of E protein encoding genes throughout human thymocyte development. (A) Transcript levels of TCF3 according to bulk RNA-seq
(top) and single cell data (middle), and epigenetic profile at the TCF3 gene locus. (B) Transcript levels of TCF4 according to bulk RNA-seq (top)
and single cell data (middle), and epigenetic profile at the TCF4 gene locus. Long and short isoform of TCF4 are shown. (C) Transcript levels of
TCF12 according to bulk RNA-seq (top) and single cell data (middle), and epigenetic profile at the TCF12 gene locus. Long (HEBcan) and short
isoform (HEBalt) of TCF12 are shown. Locations of promoters (P) and enhancers (E) were retrieved from the Ensembl Regulatory Build and are
indicated below the gene structure. UMAP visualizations were generated using imputed data.
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expressing high levels of ID1 or TCF12 (Figure 3A, middle, and

Figure S2A). Indeed, ID1 expression was found to be rather

heterogeneous especially in rearranging and b-selecting
thymocytes, with some cells exhibiting strong ID1 expression

whereas other cells at the same developmental stage showed very

low ID1 transcript levels. This suggests that bulk expression

profiles indeed do not entirely reflect the fine-grained dynamics

of ID1 expression throughout early differentiation. Remarkably,

the ID1 locus was marked by both repressive and activating

histone modifications (H3K27me3 and H3K27ac) (Figure 3A,

bottom). This suggests the presence of poised regulatory

elements that can rapidly and temporarily switch to active

promoters/enhancers over the course of development, which is

consistent with the expression dynamics observed in the single

cell data.

In the bulk data, ID2 transcription was not detected in the

most immature stages of human T cell development (Figure 3B,

top), although the single cell data suggested two small subsets of

cells expressing ID2 in the immature DN and b-selection
clusters (Figure 3B, middle). Widespread induction of ID2 was

observed in both the ab- and gd-lineage committed cells and

reached peak levels in the most mature SP and TCRgd+ cells

(Figure 3B, top+middle). The increased expression in later stages

of thymic development was accompanied by higher H3K4me3

and H3K27ac levels (Figure 3B, bottom). Combined, this

suggests a role for ID2 in the late stages of T cell development

or maybe even only in mature cells, with limited function in the

early differentiation steps.

ID3 gene expression followed a similar pattern, with low

RNA levels throughout the most immature stages and a

progressive upregulation during ab-lineage differentiation in

DP and SP thymocytes (Figure 3C, top), although induction

seemed to occur slightly earlier than that of ID2 as visible in the

UMAP plots (Figures 3B, C, middle). In contrast, in the gd-
lineage a striking increase in ID3 transcripts was evident in

immature TCRgd+ cells, which is consistent with reports of ID3

being an important regulator of murine gd T cell development

(29, 67). The strong initial upregulation of ID3 in immature

CD1a+ gd T cells was followed by a reduction during further gd-
lineage maturation to levels comparable with those in SP

TCRab+ thymocytes (Figure 3C, top). In addition, the single

cell data suggested a drop in ID3 levels in more mature SP

thymocytes, which was not discernible from the bulk expression

profiles (Figure 3C, middle). In disagreement with its expression

pattern, ID3 was found to exhibit high levels of H3K27ac at the

transcription start site and in the gene body in immature

thymocytes, which were extinguished by the SP stage

(Figure 3C, bottom). H3K4me3 marks were also found in the

gene body throughout most developmental stages and therefore

cannot explain the transcriptional upregulation of the ID3 gene

in immature TCRgd+ cells and SP thymocytes. However, in these

ID3high cell types a prevalent H3K27me3 site immediately

upstream of ID3 was remarkably depleted of this histone
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modification, while it had persistent methylation from the

most immature stages up until the DP-SP transition

(Figure 3C, bottom). In addition, chromatin accessibility at the

ID3 transcription start site was increased in cells of the gd
lineage. Thus, the involvement of both H3K27ac and

H3K27me3 as well as chromatin opening in cell type-specific

regulation of ID3 expression point again to a very complex

regulatory mechanism of ID gene expression during

thymic development.

Finally, no noticeable ID4 expression was detected in any of

the thymocyte stages, which is consistent with previous reports

(68) (Figure S2B).
3.2 E and ID protein encoding gene
expression in human and murine
thymic development

Thymic expression of E and ID protein encoding genes in

the mouse has been studied in detail (7, 25, 69–73) and

transcript levels at distinct stages have been mapped by the

Immunological Genome Project Consortium (74). We made use

of this resource to perform an inter-species comparison of gene

expression trends during thymocyte development. Of note, a

direct and accurate stage-by-stage comparison between mouse

and human is difficult since some developmental stages do not

have matching phenotypic markers in both species, especially

the most immature thymocyte stages.

In general, highly similar trends were observed for the

expression of most E and ID genes in human and mouse

thymocytes (Figure S3). ID2 and ID3 displayed the same late

upregulation in both species, with peak expression in the ab-
lineage SP and the gd T cell stages, respectively (Figure S3).

Likewise, high initial levels of TCF4 expression and its

subsequent downregulation were observed in murine and

human cells. The previously described bimodal expression

profile of TCF12 with peaks around the human b-selection
checkpoint and in DP thymocytes was also mirrored in

the mouse.

TCF3 expression peaked in ISP thymocytes in both species,

even though these represent different developmental stages in

both species, but in human thymocytes this was preceded by

consistently high expression levels, whereas murine thymocytes

showed only a gradual Tcf3 upregulation with low levels at the

DN1 stage (Figure S3). Some differences were also observed in

the transcription profile of ID1, which displayed peak expression

in DP thymocytes of both human and mouse but seemed to

fluctuate in mouse DN thymocytes (Figure S3). This variability

might be caused by transient or heterogeneous upregulation of

Id1 throughout the DN stage, as previously noted for the human

single cell dataset (Figure 3A, middle). Alternatively, variable Id1

expression may be attributed to the overall low levels of Id1 in

mouse thymocytes, especially when compared to those of Id2
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FIGURE 3

Transcription of ID protein encoding genes in developing human thymocytes. (A) Transcript levels of ID1 according to bulk RNA-seq (top) and
single cell data (middle), and epigenetic profile at the ID1 gene locus. (B) Transcript levels of ID2 according to bulk RNA-seq (top) and single cell
data (middle), and epigenetic profile at the ID2 gene locus. (C) Transcript levels of ID3 according to bulk RNA-seq (top) and single cell data
(middle), and epigenetic profile at the ID3 gene locus. Locations of promoters (P) for all three genes was retrieved from the Ensembl Regulatory
Build and was found to span the entire locus as indicated below the gene structure. UMAP visualizations were generated using imputed data.
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and Id3. This raises questions about the biological relevance of

Id1 expression in the mouse thymus, whereas ID1 levels in

human thymocytes are moderately high and may therefore

reflect an actual functional role for ID1 in human T

cell development.

Despite the overall similarities in the transcriptional dynamics

of E and ID protein encoding genes in human and murine

thymocytes, the few observed discrepancies should be considered

when attempting to model human T cell development in a mouse

system. Especially the differences in the TCF3 expression profiles

between the two species suggest that many findings regarding

TCF3 functions in early thymocyte differentiation in mouse might

need caution when translating to human.
3.3 E and ID protein encoding genes
during initial lineage decisions in the
thymus

To gain deeper insight into the biological significance of the

expression of E and ID protein encoding genes in differentiating

thymocytes, we carried out trajectory analysis and gene regulatory

network (GRN) prediction on the single cell data, and

transcription factor footprinting analysis on the bulk RNA-seq

and ATAC-seq datasets.

Given the important role for E and ID proteins during

lineage decisions, we assessed E and ID gene regulation at the
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earliest stages of T cell development, during which cells can still

branch off towards other hematopoietic lineages. Indeed, at the

most immature stage, which represents a subset of CD34+CD1a-

cells, thymocytes have not yet fully committed to the T-lineage

and still have the potential to give rise to other non-T cell types,

including DCs (63, 75). Our gene expression analysis indicated

high levels of TCF4 RNA in these immature cells, but continuous

downregulation in T-committed thymocytes (Figure 2B, top),

suggesting a potential role very early on in thymocyte

differentiation. GRN analysis on the single cell dataset

identified two regulons with exceptionally high activity in the

most immature thymocytes, which was quickly extinguished in

subsequent stages (Figure 4A). Interestingly, both regulons

included TCF4 as a target gene and were predicted to be

driven by IRF8 and SPI1 (encoding PU.1). Expression of these

two transcriptional regulators was indeed found to be high in

immature thymocytes and preceded that of TCF4 (Figure 4B).

Moreover, PU.1 and IRF8 footprints were detected in the open,

active chromatin regions at the TCF4 regulatory elements in

CD34+ thymocytes (Figure 4C). TCF4, PU.1 and IRF8 are all

known to be crucial transcription factors for DC development

(76–78) but a previous study seems to place TCF4 upstream of

PU.1 and IRF8 (79). In accordance with this, E protein motifs

were indeed also detected at the SPI1 and IRF8 loci (data not

shown). However, our regulon prediction results and temporal

order of TCF4, SPI1 and IRF8 expression in immature

thymocytes raise the possibility of TCF4 not (just) as regulator
A B
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FIGURE 4

TCF4, IRF8 and SPI1 are predicted to form a regulatory network in uncommitted DN thymocytes. (A) Activity of IRF8 and PU.1 regulons per
cluster as predicted by running pySCENIC on the single cell data set. (B) Heatmap showing gene expression along differentiation pseudotime in
immature thymocytes. Smoothed gene expression was determined based on a generalized additive model fitted on the cell pseudotimes, cells
in pseudotime window of interest were selected and expression was scaled by gene prior to visualization. (C) Genome browser view of ATAC,
H3K4me3, H3K27ac and PU.1/IRF8 motifs at the TCF4 locus. Locations of promoters (P) and enhancers (E) were retrieved from the Ensembl
Regulatory Build and are indicated below the gene structure.
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but also as target of SPI1/PU.1 and IRF8. In addition, they

strongly suggest that TCF4 expression in immature thymocytes

might reflect a more prominent role in supporting DC compared

to T cell development.

The expression of a short TCF4 isoform has previously been

described in cDCs and pDCs as well as other cell types, whereas

the long TCF4 isoform seems to be exclusively expressed in

pDCs (14). Therefore, we assessed the footprint analyses of the

promoters of the long and short TCF4 isoform separately. The

long TCF4 isoform, which displayed more stable chromatin

accessibility, was shown to be driven by both IRF8 and PU.1

(Figure 4C). In contrast, for the short isoform we only found

evidence for binding of PU.1 but not IRF8. Interestingly,

previous research identified PU.1 as a repressor of pDC fate

within the DC-lineage (80). Therefore, we hypothesize a role for

the interplay between PU.1 and the long TCF4 isoform in

guiding immature DCs (or CD34+CD1a- unspecified

thymocytes) to the pDC fate. Moreover, the differing dynamics

of epigenetic changes at the individual promoters suggest

divergent expression windows and upstream regulators for

both TCF4 isoforms, although the consequences of this remain

to be established.

Once committed to the T-lineage, thymocytes are still

bipotent and can adopt either the ab or gd T-cell fate,

depending on the TCR that they assemble and the signals they

receive. The expression patterns of E and ID protein encoding

genes suggested particularly high E but low ID encoding

transcript levels throughout the first stages of thymocyte

development. This indicates potentially strong E protein

activity in this phase, which prompted us to investigate the

possible consequences. To develop into functional T cells,

thymocytes undergo V(D)J recombination to be able to

produce a wide range of TCRs with different specificities. For

the TCRD, TCRG and TCRB loci, this rearrangement takes place

during the immature stages that precede b-selection and the DP

stage. Several studies in mice have implicated TCF3 in Tcrg locus

accessibility and consequently in initiation and regulation of

V(D)J recombination of this gene (72, 81) but known differences

exist between human and mice in the order and coordination of

TCR locus rearrangements (36). Therefore, we explored the

possibility of TCF3 involvement in TRGC rearrangement in

human thymocytes. Expression of RAG genes, which mediate

V(D)J recombination, was already evident in early CD34+

subsets in our bulk dataset (Figure 5A). In the single cell

dataset, RAG expression was very low in the immature

thymocyte stages and could not be reliably identified.

However, transcription of TRGC and TRDC was clearly

detected and can signify not only expression of a mature g- or
d-chain but also ongoing rearrangement at these loci

(Figure 5B). Notably, we observed that cells initially express

TRGC1 and later switch to TRGC2, while mature gd T cells with

surface expression of the gd TCR almost exclusively use TRGC2

(Figure S4A). This suggests that TRGC2 is involved in the
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formation of the functional TCR, whereas TRGC1 might only

be transcribed in the course of rearrangement. We found that,

according to pseudotime, TCF3 and TCF4 expression reached

high levels at the same time as TRGC1 and slightly before

TRGC2, suggesting that they could be involved in coordinating

chromatin opening and transcription of this region. We did

indeed detect multiple TCF3 motifs at the TCRG locus, all of

which were associated with regions of accessible chromatin and

permissive histone marks in CD34+ thymocytes, indicative of an

active role of TCF3 at these sites (Figure 5C). Some TCF4 and

few TCF12 motifs were also observed, but these did not

consistently align with any observable epigenetic features.

Analysis of a potential relationship between expression of the

E protein encoding genes and transcription of the TCRG locus

revealed a positive correlation (r = 0.31) between TCF3 and

TRGC2 levels in DN thymocytes, which was not observed to the

same extent for TCF4 or TCF12 (r = -0.06 and r = 0.11,

respectively) (Figure 5D). Curiously, this correlation was not

detected for TCF3 and TRGC1 (r = -0.04), which seems to be

driven by a subpopulation of immature DN thymocytes that

express high levels of TRGC1 but not TCF3 (Figure 5E). This

suggests that, in human, TCF3 may not be required to promote

accessibility at the TCRG locus but instead might control the

expression of the rearranged g-chain to enable gd TCR assembly.

Despite similar expression windows of TRDC and TRGC2, no

direct correlation was observed between TCF3 and TRDC

transcription (r = -0.03) (Figure S4B), which indicates that

TCF3 is probably not responsible for controlling chromatin

accessibility or active transcription at the TCRD locus.

However, multiple TCF3 motifs were detected across the

TCRD locus (Figure S4C), suggesting that TCF3 might be

involved in coordinating V(D)J recombination of the d-chain,
as reported previously for TCF3 knockout mouse model (19, 82).

Of note, TCF4 and TCF12 transcription was negatively or not at

all correlated with that of TRDC and TRGC1 (Figure S4D) and

few motifs were detected at either locus, therefore the two factors

are unlikely to be key regulators of V(D)J recombination of

TCRD and TCRG.

In human, rearrangement of the TCRB locus is thought to

occur slightly after the TCRD and TCRG loci (36) and

functionality of the b-chain is assessed by assembly with the

surrogate pTa (encoded by PTCRA) to form the pre-TCR. TCF3

and TCF12 have both been shown to bind to regulatory

sequences at the Ptcra locus in mouse thymocytes, but it

seems that TCF3 is the main driver of Ptcra expression,

whereas TCF12 plays a secondary synergistic role but is not

able to induce high Ptcra transcription by itself (83). Using

footprint analysis of our ATAC-seq data, we indeed identified a

motif common for all E proteins as well as a TCF12-specific

motif at the transcription start site of PTCRA, which overlapped

with open chromatin and permissive H3K27 acetylation in

immature thymocytes (Figure 6A). Gene expression analysis

along pseudotime revealed that PTCRA transcription coincided
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FIGURE 5

TCF3 expression is positively correlated with transcription of TRGC2. (A) Expression of RAG1 and RAG2 at different stages of thymocyte
development according to bulk RNA-seq data. (B) Heatmap showing gene expression along differentiation pseudotime in immature thymocytes.
Smoothed gene expression was determined based on a generalized additive model fitted on the cell pseudotimes, cells in pseudotime window
of interest were selected and expression was scaled by gene prior to visualization. (C) Genome browser view of ATAC, H3K4me3, H3K27ac and
E protein motifs at the TCRG locus. Locations of promoters (P) and enhancers (E) were retrieved from the Ensembl Regulatory Build and are
indicated below the gene structure. (D) Scatter plot for imputed transcript levels of E protein encoding genes and TRGC2 in immature
thymocytes. Cells are colored by cluster and Pearson correlation coefficient is shown. (E) Scatter plot for imputed transcript levels of TCF3 and
TRGC1 in immature thymocytes. Cells are colored by cluster and Pearson correlation coefficient is shown.
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with the upregulation of TCF12 but was preceded by a TCF3

expression peak (Figure 6B). Regulatory network prediction with

SCENIC and SIGNET identified PTCRA as a potential target of

TCF12, whereas the putative regulatory interaction between

TCF3 and PTCRA was found to be weaker (SCENIC) or not

detected at all (SIGNET). A possible role of TCF12 in PTCRA

transcription was also supported by the finding that expression

levels of both genes in DN thymocytes exhibit a positive

correlation (r = 0.48), whereas no correlation was observed for
Frontiers in Immunology 13
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TCF3/TCF4 vs. PTCRA (r = -0.03 and r = -0.28, respectively)

(Figure 6C). Together, these observations indicate that, similar

to descriptions in mouse, E proteins might be involved in the

transcriptional induction of PTCRA during human T cell

development in the thymus. While the presented analyses

seem to favor TCF12 rather than TCF3 as the main

transcriptional regulator, in vitro validation will be required to

assess the true impact of both E proteins on pTa expression and

to explore any potential synergism or interdependence.
A

B

C

FIGURE 6

TCF12 is predicted to act as positive regulator of PTCRA transcription. (A) Genome browser view of ATAC, H3K27ac and E protein motifs in the
PTCRA promoter region. Locations of promoters (P) and enhancers (E) were queried in the Ensembl Regulatory Build but none were found for
this locus. (B) Heatmap showing gene expression along differentiation pseudotime in immature thymocytes. Smoothed gene expression was
determined based on a generalized additive model fitted on the cell pseudotimes, cells in pseudotime window of interest were selected and
expression was scaled by gene prior to visualization. (C) Scatter plot for imputed transcript levels of E protein encoding genes and PTCRA in
immature thymocytes. Cells are colored by cluster and Pearson correlation coefficient is shown.
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In summary, these observations imply that E proteins play a

role in the indispensable processes that allow human thymocytes

to develop into either ab or gd T cells, prior to the actual

fate decision.
3.4 E and ID protein encoding genes in
ab T cell development

A critical test that thymocytes need to pass on their path to

becomematureab T cells is b-selection, which involves assembly of

the pre-TCR to assess the successful rearrangement of the TCR b-
chain. Analysis of the single cell thymocyte data revealed a small

subset of cells (cluster 28, Figure S1C and Figure S5A) within the
Frontiers in Immunology 14
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b-selecting cluster that expressed unusually high levels of ID protein

encoding genes (Figure 7A). This was particularly remarkable for

ID2 and ID3, for which widespread expression is only induced

much later in development, as described above (Figures 3B, C).

Since ID proteins are known to inhibit E proteins and high ID levels

therefore indicate low E protein activity, we used gene signature

scoring to determine an E:ID score based on E (positive weight) and

ID (negative weight) transcript levels for each cell. Visualization on

the UMAP confirmed an extremely low E:ID score for cluster 28,

whereas surrounding cells exhibited a high score (Figure 7B). This

indicates a rapid but temporally restricted transcriptional induction

of ID protein encoding genes and suggests a high potential for

robust E protein inhibition in this subset of cells. It has previously

been demonstrated that E protein activity needs to be transiently
A

B

C

D

FIGURE 7

ID protein encoding genes are strongly induced in a subset of b-selecting thymocytes. (A) UMAP visualization of ID protein encoding gene
expression in the b-selecting thymocyte cluster. (B) UMAP visualization of the E:ID score calculated on a per-cell basis. (C) Dot plot visualizing
pseudo-bulk expression of E and ID protein encoding genes and cluster 28 marker genes. Imputed, gene-scaled expression is shown for all
subclusters comprising the beta-selecting cluster. (D) Scatter plot for imputed transcript levels of ID protein encoding genes and PTCRA in b-
selecting thymocytes. Cells are colored by b-selecting subcluster and Pearson correlation coefficient is shown.
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shut down following b-selection to initiate differentiation of ab-
lineage thymocytes (25). Therefore, it is likely that cluster 28 reflects

cells at this specific stage of human T cell development.

To further characterize cluster 28, we conducted differential

gene expression analysis which identified ID1, ID3, and PTCRA

as the main markers of this cluster. However, we also detected

significantly elevated transcript levels for DUSP2, DDIT4, HES1

and MAL in comparison to the rest of the dataset (Figure 7C).

All of these genes have previously been linked to TCR signaling

(84–87), and are therefore indicative of strong ongoing pre-TCR

activity in cluster 28. It is known that Id3 expression in

thymocytes can be triggered via MAPK signaling as a

consequence of TCR engagement (27), and it is possible that

ID1 and ID2 can be similarly induced by pre-TCR signaling.

Gene co-expression analysis did indeed reveal a positive

correlation between PTCRA and ID1 (r=0.41) or ID3 (r=0.49)

transcript levels in cells of the b-selection cluster, with cluster 28

cells exhibiting the highest expression levels for all 3 genes

(Figure 7D). Moreover, GRN analysis predicted a regulatory

connection between ID1 and PTCRA, although the nature and

direction of the relationship cannot easily be established for non-

transcription factors using this approach.

It has been proposed that the relatively weak signal

transmitted by the pre-TCR is insufficient to permit further

maturation of ab-lineage cells, and that supplementary Notch

signaling is required to achieve transient E protein inhibition

and thereby developmental progression (88). NOTCH gene

signature scoring, based on expression of known NOTCH

target genes (see Material & Methods), did indeed show a high

score in cluster 28, providing an explanation for the high levels

of the NOTCH target HES1 in these cells. Nevertheless, the

score was equally high in the remaining cells in the b-selection
cluster and therefore cannot fully explain the isolated

upregulation of ID protein encoding genes (Figure S5B).

Finally, to rule out a potential contamination with cells

expressing a gd TCR as a source of strong TCR signaling, we

assessed TRGC2/TRDC transcription in the cells from cluster

28 which confirmed substantially lower levels compared to the

gd T cell subclusters (Figure S5C). This strongly suggests that

pre-TCR signaling can induce high levels of ID gene

expression in human thymocytes in a subset of b-
selecting cells.

Following b-selection, thymocytes progress to the DP stage

which encompasses the rearrangement of the TCRA locus.

Assessment of the rearranging DP cluster in the single cell

data indicated a gradual decrease in the transcript levels of all

three E proteins with highest levels observed in the most

immature rearranging DPs and low levels in cells that started

to embark on the transition to the SP stage (Figure 8A).

Incidentally, the subgroup of cells with elevated transcription

of E protein encoding genes exhibited relatively low ID gene

expression. This was also clearly demonstrated by the
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previously determined E:ID score which indicated that cells

undergo a rapid switch from a high to low E-ID ratio as they

mature (Figure 7B). Analysis of RAG expression levels revealed

high RAG1 and RAG2 quantities in the (E:ID)high cell group

(Figure 8B). In line with this, gene-gene co-expression analysis

confirmed a positive correlation between TCF3/TCF12 and

RAG1/2 transcript levels (Figure 8C), whereas ID1/ID3 levels

were anticorrelated with those of RAG1 (Figure 8D).

Expression profiles along pseudotime also pointed towards

an inverse expression pattern for RAG genes and ID1

(Figure 8E). Regulon prediction suggested TCF12 and ID1 as

putative regulators of RAG1/2, but no regulatory relationship

with TCF3 was detected. However, a TCF3 binding site was

indeed identified at the transcription start site of RAG2, in

addition to consensus E protein binding sites at a putative

upstream enhancer and at the transcription start site of the

short RAG1 isoform, which were all associated with increased

accessibility and a permissive epigenetic signature in DP

thymocytes (Figure 8F). Together, these findings suggest a

possible role for TCF12 and potentially also TCF3 in the

upregulation of RAG genes in DP thymocytes. Binding of

TCF12 and TCF3 to the Rag locus has indeed been shown

before, and Tcf3- or Tcf3/Tcf12-deficient mice display a

moderate or severe impairment in the upregulation of Rag1

and Rag2 in DP thymocytes (89, 90). Hence, our observation in

human thymocytes is in line with previously published mouse

data describing crucial roles of E proteins during Tcra

rearrangement via regulation of Rag expression. Of note, the

role of TCF12 in DP thymocytes seems to extend further to

regulation of cell viability via transcriptional upregulation of

Rorc. We could also confirm a positive correlation for TCF12

and RORC expression in our data (r=0.73) (Figure S6A) and a

regulatory relationship between the two factors was identified

via GRN analysis.

In contrast, the role of ID1 in rearranging DP thymocytes

has not been studied in much detail, but some reports suggest

that Id1 overexpression during murine T and B cell

development results in severely reduced Rag1/2 expression

(91, 92). In addition, it is known that Id3 needs to be

downregulated in DP thymocytes to permit Rag expression

(93) and Id3 overexpression in thymocytes results in reduced

Rag1/2 levels (94). This indicates that ID1 and ID3 expression

in DP thymocytes negatively regulates RAG transcription and

therefore modulates or terminates TCRA rearrangement.

Given the staggered timepoints of upregulation, it is likely

that ID1 only has a moderate effect on RAG transcription,

whereas ID3 induction coincides with and might therefore be

responsible for the complete shutdown of RAG expression

(Figure 8B and Figure 3C). Since this takes place around the

positive/negative selection stage as indicated by the

upregulation of TRAC and CD5 (Figure S6B), initiation of

ID3 expression may represent a response to TCR signaling and
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subsequent downregulation of RAG1/2 would be required to

prohibit further rearrangements in positively selected cells.

In summary, our data support the hypothesis that, like in mouse,

TCF3 and TCF12 are involved in the upregulation of RAG
Frontiers in Immunology 16
95
expression in rearranging DP human thymocytes, whereas ID1 and

ID3 seem to exert an inhibitory function towards RAG transcription.

Whether this is achieved solely through E protein inhibition or

involves other regulatory mechanisms remains to be explored.
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FIGURE 8

Transcription of E protein encoding genes is associated with RAG expression in rearranging DP thymocytes. (A) UMAP visualization of E and ID
protein encoding gene expression in the rearranging DP thymocyte cluster. (B) UMAP visualization of RAG1 and RAG2 expression according to
the single cell thymocyte data set. Transcripts were imputed prior to visualization. (C) Scatter plot for imputed transcript levels of TCF3, TCF12,
RAG1 and RAG2 in rearranging DP thymocytes. Pearson correlation coefficient is shown. (D) Scatter plot for imputed transcript levels of ID1, ID3,
and RAG1 in rearranging DP thymocytes. Pearson correlation coefficient is shown. (E) Heatmap showing gene expression along differentiation
pseudotime in DP and SP thymocytes. Smoothed gene expression was determined based on a generalized additive model fitted on the cell
pseudotimes, cells in pseudotime window of interest were selected and expression was scaled by gene prior to visualization. (F) Genome
browser view of ATAC, H3K4me3, H3K27ac and E protein motifs at regulatory regions of the RAG gene locus. Locations of promoters (P) were
retrieved from the Ensembl Regulatory Build and are indicated below the gene structure.
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3.5 E and ID protein encoding genes in
non-conventional T cells

The inclusion of gd T cells and CD8aa T cells in our

established datasets allowed us to assess expression of E and

ID protein encoding genes in these non-conventional T cell

types. ID3 is a well-known regulator of gd T cell development

and has been shown to be upregulated following strong TCR

signaling. Consistent with this and the understanding that strong

TCR signals are associated with adoption of gd fate, ID3 levels

were highest in immature gd T cells according to bulk RNA-seq

analyses (Figure 3C). In the single cell data, we identified a subset

of cells with surface gd TCR expression that displayed a gd-
lineage gene expression signature according to clustering results

but that still grouped with DN thymocytes (Figure 9A).

Moreover, this subset of cells showed very low expression of
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maturation markers such as CD73 (encoded by NT5E), CD44,

CD27, CD69 and IL7R and gd effector genes, like NKG7, KLRB1

and GNLY, were not yet upregulated (Figure S6C), which

identifies them as very immature gd T cells. Curiously, ID3

levels were only moderate in this subset (Figure 9B), which

suggests that these cells have only just received a TCR signal and

are still in the process of upregulating ID3.

Regulon prediction in the single cell dataset identified two

regulons for the AP-1 family transcription factors FOS and

JUND that displayed especially strong activity in gd T cells

(Figure 9C). ID3 was suggested as a target gene of both regulons

and in support of that, we were able to identify an AP-1 family

motif downstream of the ID3 gene at differentially accessible

sites in gd T cells (Figure 9D), indicating that the two factors

might indeed confer ID3 upregulation. Importantly, AP-1

transcription factors are known downstream mediators of TCR
A

B

C

D

E

FIGURE 9

Transcription of TCF4 and TCF12 but not TCF3 is shut down in cells committing to the gd lineage. (A) UMAP visualization of TRGC2 and TRDC
expression in thymocytes of the gd lineage. Annotated clusters are depicted in the top panel. (B) UMAP visualization of E and ID protein
encoding genes in thymocytes of the gd lineage. (C) Activity of JUND and FOS regulons per cluster as predicted by running pySCENIC on the
single cell data set. (D) Genome browser view of chromatin accessibility and AP-1 family motif at a regulatory region downstream of ID3.
Location of the ID3 promoter (P), as indicated below the gene structure, was found to span the entire locus. (E) Pseudo-bulk expression of E
and ID protein encoding genes in mature thymocytes based on the single cell data set. For gd lineage cells only a subcluster of mature gdTCR+

cells as indicated by low levels of CD1a was included.
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signaling, which validates induction of ID3 transcription as a

result of TCR activity.

Further analysis of the immature gd T populations in bulk and

single cell data suggested that these cells do not express notable

levels of TCF4, TCF12, ID1 or ID2 at this stage (Figure 9B).

However, we noted high levels of TCF3 in the very immature

subset which only dropped gradually as gd T cells became more

mature. While TCF3 is known to play a crucial role in Tcrg/Tcrd

locus gene rearrangement (72, 81), and is therefore indispensable

for gd T cell development, additional roles in gd-lineage
differentiation processes have not been studied in much detail.

It is possible that TCF3 protein activity is quickly diminished

following ID3 induction since ID3 has been shown to not only

inhibit TCF3 function but also to mediate a reduction in protein

levels (88). Nevertheless, it remains unclear why TCF3 transcripts

continue to be expressed following gd-lineage commitment

whereas TCF12 expression is extinguished much more rapidly.

Comparison of transcript levels for E and ID protein encoding

genes in the mature cell types that we identified in the single cell

data confirmed generally low expression of TCF3, TCF4 and

TCF12 in conventional ab-lineage cells as well as in gd and

CD8aa+ T cells, with some minor variability between cell types

(Figure 9E). ID1 levels appeared to be higher in gd and CD8aa+ T

cells, but due to the low total transcript quantities, the biological

relevance of this difference may be negligible. In contrast, ID2

levels were remarkably similar in the gd and conventional ab
lineage cells, while much lower quantities were detected in

CD8aa+ cells (Figure 9E). This contradicts findings in murine

CD8aa+ T cells, which appear to exhibit higher Id2 levels in

comparison with CD8ab+ T cells (95, 96). It is possible that this

difference stems from the analysis of thymic vs. peripheral cells.

However, it has been proposed that CD8aa+ T cell development

is independent of ID2 (97), in which case the biological

significance of differential ID2 transcription is uncertain. ID3

levels were only slightly higher in mature gd T cells compared

to the other analyzed cell types. This could be explained by the

moderate downregulation of ID3 that is associated with the

maturation of gd T cells and the upregulation of ID3 in SP

thymocytes. ID3 is often described as gd-specific transcriptional

modulator, but these observations suggest that this characteristic

only extends to immature cell types, perhaps reflecting TCR

signaling events that impact the lineage choice.

Notably, the regulatory T cells that were identified in the

single cell dataset expressed similar levels of all E and ID genes as

CD4+ and CD8+ SPs, which indicates that mature naïve ab T

cells do not exhibit differential transcription of these factors.
3.6 E and ID protein encoding genes
during prenatal T cell development

T cell differentiation in the thymus starts very early during

embryonic development and especially cells of the gd lineage
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have been shown to exhibit notable differences between prenatal

and postnatal origin, although this has been predominantly

studied in mice thus far. To investigate potential changes in E

and ID gene expression that are associated with human

development, we used published single cell data (64, 98, 99) to

establish a prenatal dataset consisting of around 112.000 cells

from 20 donors, with samples covering a continuous age window

from 8 weeks post conception (wpc) to 17 wpc (Figure S7A,

Table S1). To visualize the age progression while retaining

enough cells from each cell type to avoid donor- or source-

specific biases, we further distinguished between cells from

embryonic (≤ 10 wpc) and fetal (>10 wpc) donors (Figure

S7B, C). We used the pediatric dataset as reference for

automated cell type annotation via label transfer to identify

clusters with similar gene expression profiles (Figures S7C-E).

Comparison of embryonic, fetal and pediatric data revealed

substantially higher transcript levels for ID1 and TCF12 in

prenatal thymocytes (Figure 10A). Elevated ID1 levels in fetal

thymocytes have indeed been described before in mice (41), but

the biological significance remains unclear. Strikingly, gene

expression profiles for ID2 and ID3 differed substantially

between prenatal and postnatal thymocytes. Whereas both

genes were only upregulated at the DP-SP transition in

pediatric T cell development as laid out above, their induction

was shifted to much earlier stages in prenatal development

(Figure 10A and Figure S7F). This is remarkable because it

signifies substantial levels of ID gene expression in DN

thymocytes, which we generally determined to be an IDlow

phase in the pediatric thymus. The anticipated consequence of

this is a more pronounced repression of E protein activity in

immature prenatal thymocytes, which is also supported by the

difference in the E:ID score in pre- and postnatal samples

(Figure 10B). This might directly influence thymocyte

maturation and differentiation based on the roles of TCF3 and

TCF12 described above. Hence, it is possible that elevated TCF12

levels in embryonic and fetal thymocytes represent a

compensatory mechanism to retain some TCF12 activity

despite strong ID gene expression.
4 Discussion

In this manuscript, we have established an overview of the

regulation of E and ID protein encoding genes during human T

cell development, using both bulk and single cell profiling

methods to understand gene expression and epigenetic

regulation of these genes and their regulatory networks.

Comparison with murine thymocytes revealed some potential

differences in the stage-specific expression and thus most likely

also the activity of these genes. Furthermore, a remarkable shift

in the E/ID gene expression ratio was observed in the early stages

of human T cell development during the transition from fetal to

postnatal thymopoiesis.
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Our analyses revealed several interesting differences and

similarities between the gene expression dynamics of E and ID

protein encoding genes. Both ID1 and TCF12 seem to be largely

absent in immature and mature thymocytes and instead reach

their expression peak when cells are midway through their

developmental progression towards ab-lineage cells. In
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contrast, TCF3 and TCF4 expression levels are highest in

immature stages and extinguished in mature thymocytes,

whereas ID2 and ID3 display the opposite pattern with

upregulation relatively late in the developmental course.

However, the expression windows for TCF3/TCF4 and ID2/

ID3 are not completely identical, which suggests that their
A

B

FIGURE 10

Expression of ID protein encoding genes exhibits different patterns in the pre- and postnatal thymocytes. (A) Pseudo-bulk expression of E and
ID protein encoding genes in thymocytes based on prenatal and pediatric single cell data sets. The prenatal data was divided into embryonic
(≤10 wpc) and fetal (>10 wpc) samples. Note that only very few SP, early/late CD4+ and CD8+ SP thymocytes were detected in embryonic
samples (see Figure S7C). (B) Average E:ID score per cell type in embryonic, fetal, and pediatric thymocytes.
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regulation is controlled by different upstream mechanisms.

Importantly, the inverse transcription pattern for E and ID

proteins indicates a crucial requirement for E protein

expression in the early phase of T cell development but

possibly also a need for E protein shutdown via degradation

or inhibitory dimerization with ID proteins at later stages.

At the epigenetic level, the promoter histone modification

H3K4me3 was highly correlated with RNA expression for all E

and ID protein encoding genes, as anticipated. Remarkably,

however, the corresponding chromatin regions remained

largely accessible, and thus permissive for expression,

throughout all developmental stages, rendering it feasible to

rapidly alter the expression levels in response to new regulatory

inputs that can be derived from both environmental and

intracellular stimuli. This is important in the case of E and ID

proteins given their strong involvement in both TCR generation

and signaling, respectively, which are both critical determinators

of thymocyte maturation.

Some of the E and ID protein encoding gene expression

patterns displayed remarkable features. According to the single

cell data, TCF3 RNA levels were found to be highest in

proliferating DN and DP thymocytes, which seems to

contradict previous reports of TCF3 acting as inhibitor of

proliferation in support of TCR rearrangements, to which E

proteins also contribute by regulating RAG gene expression. This

may point towards differences between RNA and protein levels

as well as additional layers of protein activity regulation. E

proteins not only form heterodimers with ID proteins that

inhibit their activity, they also heterodimerize with other tissue

and stage specific factors that thereby can regulate E protein

activity (100). In addition, it is established that E protein

phosphorylation can induce degradation, for instance

following ERK activation downstream of NOTCH and TCR

signaling (26, 29).

A surprising characteristic that we observed was the

heterogeneous ID1 expression in b-selecting and rearranging

DNs that partially overlapped with ID3 expression in those early

stages. While the ID1 expression in the rearranging DNs may

reflect some early thymocytes that have just successfully

rearranged the TCR b-chain and thus are on their way to go

through the b-selection process, the difference in ID1 and ID3

expression in b-selected cells is intriguing and we hypothesize

that this may possibly reflect a differential impact of both ID

proteins with respect to their impact on E protein dependent

RAG expression or TCR gene locus accessibility. Such

differential mechanisms following b-selection may relate to the

preferential usage of the distal versus proximal TCRa V gene

segments during the development of CD8aa versus the

conventional CD8ab T cells, which has previously been

observed (101). Indeed, that biased use of V-J pairs in CD8aa
T cells appears to deviate between the pre- and postnatal thymus

(64), in line with the developmental differences in ID1 levels that
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we detected. In addition, it has been shown in mice that TCF3 is

involved in controlling the order of Tcrg rearrangements and

thereby determines which gd TCR clonotypes can be generated

(19, 42). Clonotypes that are exclusively generated before birth

seem to make use of Tcrg elements that do not rely on TCF3

presence for their recombination. In contrast, TCF3 activity is

required during postnatal gd T cell development to prevent

rearrangement of said fetal-specific region and instead permit a

switch to different clonotypes. Although it is unclear if there are

preferential ID/E protein dimerization complexes, ID1 and ID3

may have similar differential impacts on TCRA V gene segment

usage following b-selection. Similarly, we speculate that the high

ID levels we observed in the prenatal DN thymocytes may

control TCF3 activity in order to ensure correctly timed TCRG

locus rearrangement, which may lead to the development of fetal

gd T cells with restricted TCR diversity (39). In any case, it has

previously been shown in mice that ab lineage development is

not disrupted in absence of ID3 (29). Thus, the simultaneous

upregulation of ID1, ID2 and ID3 observed in our dataset

indicates a possible compensation by the other family

members in Id3-deficient thymocytes. Whether or not ID1 and

ID2 might have a specific role following human b-selection
remains to be investigated, but our analysis clearly points

towards a fast and strong but also highly transient

upregulation of ID gene expression in response to pre-TCR

signaling, most likely to achieve temporary inhibition of E

protein activity to prevent further TCR rearrangements during

this proliferative transition.

In the course of investigating a potential role of TCF3 in the

rearrangement of the TCRG locus in postnatal development,

we noted that mature gd T cells exhibited strong preferential

usage of TRGC2, whereas both TRGC1 and TRGC2 were

actively transcribed in DN thymocytes. While there is

evidence that in other mammals Trgc usage can differ

between thymus and periphery and that circulating gd T cells

vary in their expression of different Trgc segments (102, 103),

we hypothesize that our observation is instead related to the

age-dependent generation of distinct gd subsets. It has

previously been shown that TRGC1 is predominantly used by

Vg9Vd2+ cells, while TRGC2 does not display preferential

association with certain TRGV segments (104). Vg9Vd2+ cells

are mainly generated in early fetal development and a switch to

Vd2– subtypes takes place in mid-gestation (105). As a

consequence, Vg9Vd2+ cells only make up a small minority

of gd T cells in the postnatal thymus, which provides an

explanation for the low expression of TRGC1 in mature

thymic gd T cells observed in our pediatric data set. In line

with this, TRGC1 expression in DN thymocytes is likely caused

by germline transcription at the TCRG locus but might not

reflect any actual involvement in the assembly of a functional g-
chain. Assessment of TRGC1 and TRGC2 transcript levels in gd
T cells identified in the prenatal data set did not reveal a bias
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for either segment, which seems to confirm that preferential

TRGC2 usage is an age-specific phenomenon. Due to the

limited number of gd T cells in the prenatal data set and

batch effects between samples from different developmental

stages, a more detailed investigation of the potential shift from

TRGC1 to TRGC2 was not possible. Targeted enrichment of gd
T cells from fetal thymi in combination with TCR sequencing

will be key to further unravel the use of different TRGC

segments in pre- and postnatally developing gd T cells.

Although the expression patterns for TCF3 and TCF12 seem

to point towards similar preferential requirements for gd and ab
T cell development, respectively, as observed in mice (8, 106),

both the bulk and single cell RNA-seq expression profiles do

reveal stages of overlapping expression which may relate to both

redundant and/or unique regulatory roles with respect to TCR

rearrangements or other processes that control T cell

development. Combined with the largely overlapping ID1/ID3

and ID2/ID3 expression patterns during early and late human T

cell development, respectively, and in the absence of any solid

information on E-ID dimerization preferences, it is clear that

functional studies with genetic approaches will be required to

fully understand the specific roles of the E and ID proteins

during human T cell development. Given the altered expression

ratio of E/ID protein encoding genes during pre- and postnatal

human T cell development, this will be required in both

developmental windows and should be feasible now using

CRISPR-mediated gene-editing tools in combination with the

available in vitro models that support human T-lineage

differentiation from various stem cell and hematopoietic

precursor sources (16, 107, 108).

In summary, we here provide an in-depth analysis of the

transcriptional dynamics of E and ID protein encoding genes in

human postnatal thymocytes and provide insights into how

these integrate in the broader molecular mechanisms that

control distinct stages of human T cell development, both

upstream and downstream of these genes. Our study provides

novel insights into the unique regulatory roles of E and ID

proteins during human T cell development and encourages

additional research to unravel their detailed function in

this context.
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E and inhibitor of DNA binding (ID) proteins are involved in various cellular

developmental processes and effector activities in T cells. Recent findings

indicate that E and ID proteins are not only responsible for regulating thymic

T cell development but also modulate the differentiation, function, and fate of

peripheral T cells in multiple immune compartments. Based on the well-

established E and ID protein axis (E-ID axis), it has been recognized that ID

proteins interfere with the dimerization of E proteins, thus restricting their

transcriptional activities. Given this close molecular relationship, the extent of

expression or stability of these two protein families can dynamically affect the

expression of specific target genes involved in multiple aspects of T cell

biology. Therefore, it is essential to understand the endogenous proteins or

extrinsic signaling pathways that can influence the dynamics of the E-ID axis in

a cell-specific and context-dependent manner. Here, we provide an overview

of E and ID proteins and the functional outcomes of the E-ID axis in the

activation and function of multiple peripheral T cell subsets, including effector

and memory T cell populations. Further, we review the mechanisms by which

endogenous proteins and signaling pathways alter the E-ID axis in various T cell

subsets influencing T cell function and fate at steady-state and in pathological

settings. A comprehensive understanding of the functions of E and ID proteins

in T cell biology can be instrumental in T cell-specific targeting of the E-ID axis

to develop novel therapeutic modalities in the context of autoimmunity

and cancer.

KEYWORDS

E proteins, ID proteins, E-ID axis, T cell differentiation, T cell function, regulatory T
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Introduction

A diverse network of transcription factors (TFs) and

modulators regulate the expression of relevant genes involved

in lymphocyte generation and function (1, 2). E and ID proteins

are well-characterized transcriptional regulators that belong to

the helix-loop-helix (HLH) family of proteins (3). They are

widely recognized to play a significant role in developing

lymphocytes, particularly B and T cells (4–9). E and ID

proteins are crucially involved in various stages of thymic T

cell development. For instance, E2A and HEB, which represents

the major E proteins, have been demonstrated to play crucial

roles in the early stages of thymocytes differentiation (10–13).

Several types of E proteins are identified, forming active

homo- and heterodimers within the HLH proteins, binding to

DNA, and regulating the transcription of multiple target genes in

T cells (7, 8). Considerable evidence in mice shows that active E

proteins are primarily engaged in the generation, differentiation,

and effector function of different peripheral CD4 T cell subsets

and CD8 T cell populations. On the other hand, ID proteins,

encoded by four different genes (Id1-Id4), lack DNA binding

activity and, through E-ID heterodimerization, modulate gene

expression primarily by interfering with the DNA binding and

transcription-related activities of E proteins (5). While various

transcription factors regulate the expression of E proteins, the ID

proteins are the only regulators that inhibit the transcription

factor activity of E proteins through a mechanism that interferes

with the formation of dimers within E proteins. Unlike E

proteins, which are ubiquitously expressed in many tissues and

cells, ID proteins are found to be expressed in a tissue- and cell-

specific manner (14). For instance, Id2 and Id3 are

predominantly expressed in T cells compared with Id1 and

Id4. Indeed, Id2 and Id3 are recognized for their crucial roles

in multiple discrete steps of T cell development and the

differentiation and effector function of various CD4 and CD8

T cells. They have also been shown to suppress the generation of

innate-like gd (15) and invariant NKT (iNKT) cells (16),

reinforcing ab CD4 and CD8 T cell development in the thymus.

As E and ID proteins play critical roles in T cells through

well-established molecular dynamics; the balance between these

proteins has the potential to alter the E-ID axis-mediated global

transcriptional program, affecting T cell phenotypes, and

contributing to many aspects of autoimmune diseases,

inflammation, and cancer progression (17). It is becoming

clear that various TFs and extrinsic signaling pathways can

affect the expression and stability of E and ID proteins by

influencing the interactions between them. This review focuses

on a brief overview of E and ID proteins and their molecular

relationship, the interplay between E and ID proteins in the

regulation of peripheral T cell activation, differentiation, and

function, and the mechanisms by which TFs and extrinsic
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signaling pathways act on altering the E-ID axis in a context-

dependent manner to dictate T cell function and fate.
Molecular dissection of E and
ID proteins

For decades, it has been well known that E and ID proteins

interact closely with each other as transcription regulators, and their

structure and mode of interaction are established. This section will

describe the overview of E and ID proteins, highlighting the protein

structure/domains and molecular features of their interaction in the

context of transcription regulation.
E proteins

E proteins are a family of TFs that recognize a consensus

DNA sequence (CANNTG) known as an enhancer box (E-box).

E proteins are encoded from three genes, E2A, HEB, and E2-2,

which encode multiple proteins through alternative splicing. The

E2A gene encodes E12 and E47 proteins, while the HEB and E2-

2 genes encode both canonical (HEBcan and E2-2can) and

alternative splice variants (HEBalt and E2-2alt) proteins (5).

These E proteins are ubiquitously expressed and function in

many tissues and cell types. E proteins contain several conserved

domains, including the basic HLH (bHLH) domain and

transcriptional activation domains (AD) (Figure 1A) (18). A

C-terminal bHLH domain consists of approximately 60 amino

acids and has two functionally distinct regions: the basic and

HLH regions. The basic part is essential for initiating or

repressing gene transcription by binding to the E box present

downstream of specific target genes. On the other hand, the

HLH region contains two amphipathic a-helices with a linking

loop and is required for protein-protein interaction with other

HLH proteins. Since the E proteins bind to the E-box of genomic

DNA by forming homo- or heterodimers to initiate the

transcription of target genes, the bHLH domain is an essential

part of these two distinct processes governing the transcriptional

machinery of the E proteins. In addition, E proteins also contain

two transcriptional activation AD domains, AD1 and AD2.

These two domains have been shown to recruit co-

transcriptional activators, such as CBP/p300 and Spt/Ada/

Gcn5 acetyltransferase (SAGA) complex (Figure 1A), to

promote the transcriptional activity of a target gene (19).

Contrary to acting on transcriptional activation, it has been

demonstrated that corepressors, such as ETO family proteins

and leukemogenic AML1-ETO fusion protein, can interact with

AD1 (Figure 1A) (20, 21). These interactions contribute to

transcriptional repression mechanisms of E proteins by

inhibiting the recruitment of coactivators on target genes
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ID proteins

The inhibitor of DNA binding (ID) proteins, Id1-Id4, are

also members of the HLH protein family. Regarding protein

structure/domain and function, all four ID proteins have highly

conserved common domains and similar molecular functions.

Although ID proteins contain the same HLH domain as E

proteins, homodimers or heterodimers between ID proteins

can occur in rare circumstances (22). Interestingly, however,

they can heterodimerize with bHLH proteins, primarily by

inhibiting the formation of DNA-bound bHLH dimers (5).

The lack of a basic region of the HLH domain distinguishes

the ID proteins from the E proteins. Therefore, ID proteins

cannot bind to the promoter regions and directly mediate the

transcriptional regulation of genes. Thus, ID proteins operate as

dominant-negative regulators of bHLH TFs and indirectly

repress transcription of E protein target genes (Figure 1B).

Interestingly, there is also evidence that ID proteins have

functions unrelated to E proteins (23). The exact mechanism

of such ‘non-canonical’ E-protein independent functions of ID

proteins in transcriptional regulation is unknown and requires

further investigation.

ID proteins are expressed in various tissues and cell types,

including neuronal and immune compartments tumors (24–26).

In particular, Id2 and Id3 are dominantly expressed in immune

cells and have been demonstrated to control the expression of

different genes that play critical roles in the development,

differentiation, and function of T cells in steady-state and

pathological conditions. In the following section, therefore, we

will discuss the effects of ID proteins on the activation and

function of T cells through their interaction with E proteins.
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The E-ID axis orchestrates
peripheral T cell differentiation
and function
T cells are one of the key immune cell types that comprise

the adaptive immune system, offering cellular protection against

pathogenic assaults and capable of eliciting a long-lasting

memory response. T cells begin their life cycle as T cell

precursors generated in the bone marrow and migrate to the

thymus, where they undergo successive stages of development

and maturation. During this process, thymic T cell precursors

initiate genetically programmed transcriptional cascades that

rely on precise functional networks of multiple TFs in

response to thymus-related environmental signals (27).

Following that, naive T cells matured in the thymus undergo

further proliferation and activation as they migrate to secondary

lymphoid organs. They are activated upon engagement with

peptide-MHC on APC through TCR-CD3 complex molecules

and CD28-mediated co-stimulation. In addition, the cytokine

milieu act as an essential tertiary factor that determines the

differentiation and effector function of specific CD4 T helper cell

(Th) subsets, like Th1, Th2, Th17, induced regulatory T cells

(iTreg), and T follicular helper T cells (Tfh) as well as promotes

the function of cytotoxic CD8 T cells (28). During this process, T

cells that receive these signals activate a network of multiple TFs.

Numerous studies have revealed different molecular pathways

with varied implications on T cell activation, differentiation,

function, proliferation, survival, and memory formation (29).

The E-ID axis is believed to be responsible for regulating the

transcription of several genes involved in the development and
BA

FIGURE 1

Molecular basis of E and ID protein functions. (A) An overview of the key domains of E proteins (E2A, HEB, and E2-2) - transcriptional activation
domains (AD1 and AD2) and basic helix-loop-helix domain (bHLH). The AD1 and AD2 domains enable the E-box sequence (CANNTG) bound E
protein homodimerization. E proteins function as transcriptional activators or repressors through recruitment of coactivators (CBP/p300) or
corepressors (AML1-ETO, acute myeloid leukemia1-eight-twenty one oncoprotein), respectively. The bHLH domain consists of two parts: the
HLH domain for protein-protein interactions and the basic region for DNA binding. (B) The four inhibitors of DNA binding (ID) proteins have one
HLH domain in common. The ID protein interferes with the homo- or heterodimerized E proteins through this domain, inhibiting their DNA
binding and transcription-related activities. This figure was created with BioRender.com.
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function of T cells. In this section, we will discuss the role of the

E-ID axis in determining the differentiation and function in

different peripheral T cell subsets in steady-state and

pathological conditions.
Th1 and Tfh cells

When a viral infection occurs, the immune system induces

naive CD4 T cells to actively differentiate into two lineages: Th1

cells and Tfh cells (30, 31). Th1 cell differentiation drives

inflammatory responses and pathogen clearance, whereas Tfh

cells enhance germinal center (GC) responses for forming high-

affinity antibodies and immunological memory against the virus.

While Th1 and Tfh differentiation occur concurrently, these T

cell identities are mutually exclusive and are governed by T-bet

and Bcl6, which are the master regulators for the differentiation

of Th1 and Tfh cells, respectively (32, 33). In the case of Th1

cells, it has been reported that both Id2 and Id3 promote Th1

differentiation in the context of influenza viruses by promoting

the expression of T-bet, which is negatively regulated by the E

proteins (34). In line with this finding, another study

demonstrated that enhanced Id2 expression promotes Th1

differentiation while suppressing E protein-mediated CXCR5

expression, which is essential for Tfh cell differentiation and

maturation upon lymphocytic choriomeningitis virus (LCMV)
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infection (Figure 2A) (35). Id2, therefore reciprocally modulates

Th1/Tfh cell differentiation in the course of viral infection and

promotes cell-mediated immunity, which does not rely on Tfh

cell-mediated humoral response mechanisms to respond to

virus infection.
Th17 cells

Th17 cells are one of the CD4 T cell subsets that play a

prominent role in maintaining mucosal barrier homeostasis by

contributing to pathogen clearance at mucosal surfaces (36, 37).

Loss of Th17 populations in the gut mucosal sites is directly

associated with increased microbial translocation into the

normal sterile tissues, leading to systemic immune activation

and inflammation. However, excessive or uncontrolled Th17

activation has been linked to several autoimmune diseases,

including multiple sclerosis (MS), arthritis, psoriasis, and lupus

(38, 39). Therefore, it is important to understand the

mechanisms involved in the differentiation and function of

Th17 cells in both homeostatic and pathological settings. Not

surprisingly, E and ID proteins are also involved in Th17

differentiation and function. For example, E2A and HEB were

found to directly induce RORgt and interleukin-17 (IL-17)

(Figure 2B), which are important for the differentiation and

function of Th17 cells, respectively (40). Interestingly and
B
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FIGURE 2

Role of E and ID proteins during peripheral CD4 T cell differentiation and function. A-C. E and ID proteins influence Th1 and Tfh cell
differentiation (A), Th17 cell differentiation and function (B), and Treg and effector Treg differentiation and function (C) under steady-state as well
as infectious and autoimmune conditions. (D) Id3 negatively influences the tissue-resident Treg effector function and tissue homing capacity. In
adipose tissue, tissue-resident Treg cells enhanced Id2 expression, which can positively regulate the Treg effector function and survival. This
figure was created with BioRender.com.
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somewhat counterintuitively, Id3-deficient naïve CD4 T cells

exhibit decreased Th17 differentiation relative to wild-type T

cells in vitro. Id3 deficiency leads to increased GATA-3

expression, which suppresses RORgt expression (40). In

another study, Id2 was associated with increased activation

phenotype of CD4 T cells under steady-state conditions, as

well as IL17 production upon experimental autoimmune

encephalomyelitis (EAE), an animal model of MS, induction,

ultimately contributing to severe EAE pathogenesis (Figure 2B)

(41). Mechanistically, increased Id2 in activated T cells

suppresses E protein-mediated expression of Socs3. Socs3 is a

negative regulator of cytokine production through the JAK/

STAT pathway (42). Thus enhanced expression of Id2 results

in restoration of IL-17A production that is otherwise suppressed

by Socs3 (Figure 2B). Taken together, E and ID proteins promote

Th17 cell differentiation and function through different

regulatory mechanisms, respectively.
Treg cells

The functions of E and ID proteins in Treg cells have also

been extensively studied and led to complicated conclusions.

Unlike other T cell subsets, Treg cells are a unique subset of CD4

T cells, indispensable for peripheral tolerance (43). It was

reported that E2A directly promotes the expression of Foxp3,

a well-defined Treg lineage specificity factor, by binding at the

Foxp3 promoter (Figure 2C) (44). In addition, Id3 suppressed

GATA-3 expression, which represses the transcription of Foxp3,

suggesting that E and ID proteins contribute independently of

each other towards optimal Foxp3 expression (Figure 2C). In

another study, however, E2A and HEB were found to negatively

regulate Foxp3 and other effector-related factors in Treg cells

such as IRF4, ICOS, CD103, KLRG-1, and RORgt, and

consequently inhibited effector Treg differentiation and

function (Figure 2C) (45). Based on the conflicting results of E

proteins regulating Foxp3 transcription, the mechanisms by

which E proteins regulate Foxp3 appear to differ, depending

on the effector stages of Treg cells, and therefore require further

investigation. On the other hand, recent studies discovered that

ID proteins play an important role in the differentiation,

function, and survival of tissue-resident Treg cells (Figure 2D).

For instance, Id2 is highly expressed in adipose-resident Treg

cells and is associated with increased expression of the adipose

Treg-related genes Il1rl1 (codes for the IL33 receptor ST2), Ccr2,

Klrg1, and Gata3, but suppresses the apoptosis-related gene, Fas

(46). Another group demonstrated that Id3 is directly associated

with decreased effector function and tissue homing capacity of

tissue-resident Treg cells (47). However, establishing a direct

role of Id3 downregulation in the functional differentiation of

tissue-resident Treg cells requires further investigation. ID

protein-mediated Treg differentiation and function also

contribute to the pathogenicity of autoimmune diseases. In
Frontiers in Immunology 05
108
systemic lupus erythematosus (SLE) patients, Id3 expression

levels were positively correlated with Treg cell frequencies, and

subsequently, mice in which Id proteins were overexpressed

showed favorable autoimmune responses (48). In contrast,

elevated Id3 expression was found to promote Treg

differentiation in hepatitis B virus infection, thereby reducing

viral clearance and developing a chronic state of infection (49).

Thus, these two independent studies demonstrated that disease

prognosis might differ based on Treg differentiation and

function, suggesting the importance of targeting Id3

expression in Treg cells according to its context.
CD8 T cells

CD8 cytotoxic T cells are well known for anti-viral immune

responses and anti-tumor immunity (50). Currently, there are

two studies on the role of the E proteins in association with the

formation of memory CD8 T cells responding to infection. One

study demonstrated that both E2A and HEB transcriptionally

upregulate the effector-associated genes such as Eomes, Id2, and

Fyb and increase the generation of memory precursor T cells

(51). The other study showed that E2A epigenetically regulates

the accessibility of enhancers of memory-related genes such as

Id3, Ccr7, and Sell, increasing the frequency of memory

precursor effector cells and accelerating memory cell formation

(Figure 3A) (52). As expected, Id2 expression suppressed E

proteins-mediated gene expression, thereby suppressing the

differentiation of memory CD8 T cells (Figure 3A) (53–55).

Memory T cells are classified into two types according to the

classification of Killer Cell Lectin Like Receptor G1 (KLRG1)

and CD127. First, KLRG1+CD127low cells are classified as short-

lived effector memory cells, and most of them show rapid

effector function and die. Conversely, KLRG1-CD127hi long-

lived memory T cells present a vital protective role during acute

rechallenge with pathogens such as viruses or bacteria.

Interestingly, in the context of LCMV infection, Id2 expression

promoted the differentiation of short-lived effector-memory

CD8 T cells, while Id3 expression demonstrated functional

capability to induce differentiation of long-lived memory

progenitors (Figure 3A) (56). However, the exact underlying

mechanisms by which Id2 and Id3 are involved in the

differentiation process of each memory cell types are yet to be

elucidated. Therefore, it may be beneficial to investigate further

how the expression of Id2 and Id3 is regulated in association

with the signaling pathways that determine each memory T

cell subset.

A recent study found that Id3 inhibits the exhaustion of CD8

T cells in the tumor microenvironment (TME) (Figure 3B) (57).

Further, an elevated population of exhausted CD8 T cells was

correlated with reduced anti-tumor immune response in TME.

In fact, these exhausted CD8 T cells display high levels of Tcf1

and Tox, which are known representative markers of CD8 T cell
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exhaustion, and overexpression of these two factors also directly

induces T cell dysfunction. These data warrants further

investigations to understand whether Id3 can regulate Tcf1 or

Tox expression (Figure 3B), which is implicated in the

differentiation and function of exhausted CD8 T cells in

the TME.
Endogenous factors and cell-
extrinsic signaling pathways impact
the E-ID axis in T cell fate
and function

Recent studies have demonstrated that several endogenous

proteins and extrinsic signaling pathways affect development,

differentiation, function, and memory formation by altering the

E-ID axis under steady-state and pathological conditions. In this

section, we will emphasize some of the major endogenous

proteins and extrinsic signaling pathways that influence the

balance of the E-ID axis by controlling the expression of each

of the E and ID proteins and their protein-protein interactions,

leading to phenotypic changes and functional reprogramming of

T cells in a context-dependent manner (Figure 4).
Endogenous proteins associated with the
E-ID axis

The zinc-finger transcription factor Bcl11b is a critical

regulator of differentiation and survival during T cell
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development in the thymus (58–60). Hosokawa et al.

discovered that Bcl11b, highly expressed at a specific pro-T

cell lineage commitment stage (DN2-DN3), inhibits Id2

expression (61). In addition, the effect of depleting Bcl11b on

gene expression in pro-T cells remarkably overlaps the impact of

depleting E2A, suggesting that Bcl11b and E2A interact very

closely during the pro-T cell development. In agreement with

this finding, another study demonstrated that Bcl11b-dependent

target genes are parallelly regulated by E2A during T cell

development (62), indicating that Bcl11b plays a critical role in

remodeling the E-ID axis through active suppression of Id2

expression. Given the importance of the E-ID axis in T cell

development, further studies are needed to identify other

transcription factors that contribute to the functionalities of

the E-ID axis by regulating E and ID protein expressions.

Two other zinc finger transcription factors, Egr2 and Egr3,

mediate self-tolerance by T lymphocytes and NKT cell

development (63, 64). Miao et al. reported that Egr2 and Egr3

regulate clonal expansion and differentiation of virus-responsive

T cells by directly promoting Id3 expression and other effector

genes (65). Nevertheless, the exact mechanism remains unclear.

T cell factor 1 (Tcf1) is the key transcription factor of the

canonical Wnt signaling pathway (66). Tcf1 plays an essential

role in controlling T cell development, the differentiation of

specific CD4 T helper (Th) subsets, and the formation of

memory and stem-cell-like CD8 T cells following various types

of viral infections (67). Tcf1 closely interacts with the E-protein

HEB to establish epigenetic and transcriptional profiles of

double-positive thymocytes (68). Mechanistically, TCF-1

inhibits Notch signaling, which protects HEB from Notch-

induced proteasomal degradation, suggesting that Tcf1 is
B
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FIGURE 3

E-ID axis in the formation of effector and memory CD8 T cells. E and ID proteins regulate effector and memory CD8 T cell differentiation and
function in infection (A) and cancer (B). This figure was created with BioRender.com.
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involved in the stability of E proteins. In response to acute viral

infection, another study found that Tcf1 maintains T follicular T

helper (Tfh) cell population by suppressing Blimp1, which

promotes Th1-associated effector genes such as T-bet and Id2

expression in Tfh cells (69). Since E protein induces CXCR5,

associated with Tfh cell migration into B cell follicles and

subsequent further differentiation of Tfh cells (70), Tcf1-

mediated Blimp1 repression may serve as a unique mechanism

for maintaining the Tfh population in the context of viral

infection. For CD8 T cells, a recent study discovered that Tcf1

directly modulates the expression of Id3, which is important for

both effector and central memory function of CD8 T cells,

thereby affecting optimal CD8 T cell activity in the context of

viral infection (71). Further, ectopic expression of Tcf1 was

associated with increased expression of Id3 and several key

effector components known to counteract CD8 T cell

exhaustion upon LCMV infection, eventually leading to

reinforced CD8 T cells mediated antiviral response (72).

The histonemethyltransferase Ezh2 is involved in forming CD8

T cell memory precursors and contributes to the antitumor activity

of CD8 memory T cells in the tumor microenvironment. Ezh2 was

found to promote the expression of Id3 for maintaining the
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function of effector and memory CD8 T cells. Interestingly, Ezh2

was found to promote the expression of Id3 by enhancing

H3K4me3 modification on its gene locus, which is distinct from

the well-known repressive H3K27me3 promoting activity of Ezh2

(73). Considering these exciting observations, further studies are

required to clarify the precise roles of various epigenetic modifying

enzymes related to the E-ID axis in CD8 memory T cell formation

and function in tumor microenvironments.

Interestingly, recent studies have demonstrated that the E-

ID axis involved in T cell function is also regulated by factors

whose functions extend beyond transcription regulation. For

example, the de-ubiquitinase Usp1, which is known to stabilize

Id1-Id3, contributes to maintaining stem cell properties in

osteosarcoma and mesenchymal stem cells (74, 75). In

activated T cells, Usp1 interacts with Id2 and Id3, protects the

stability of Id2 protein in the context of viral infection, and

maintains the proliferative potential and memory phenotype

differentiation of virus-specific CD8 effector T cells (76).

Similarly, Jiao et al. demonstrated that DExD/H-box helicase 9

(Dhx9) is required for a proper CD8 T cell response against

acute viral infection. Interestingly, contrary to the well-

established role of Dhx9 as a cytosolic DNA-sensor, Dhx9 was
FIGURE 4

Endogenous factors influence the E-ID axis in T cell fate and function. The roles and mode of action of endogenous proteins that control E and
ID protein expression and affect T cell development, differentiation, and function (Bcl11b, B-cell lymphoma/leukemia 11B; Egr2/Egr3, early
growth response 2/early growth response 3; Ezh2, Enhancer of zeste homolog 2; H3K4me3, histone H3 lysine 4 trimethylation; Tcf1, T cell
factor 1; Blimp1, B-lymphocyte-induced maturation protein 1; Usp1, ubiquitin-specific protease 1; Dhx9, DExH-Box Helicase 9; TE, Effector T
cells; TCM, Central Memory T cells). This figure was created with BioRender.com.
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found to directly increase the transcription level of Id2

expression, thereby affecting the survival and function of viral-

specific CD8 T cells (77). Mechanistically, the authors

discovered that two domains of Dhx9, double-stranded RNA

binding motif (DSRM) and oligonucleotide/oligosaccharide

binding fold (OB_Fold) domain, play an essential role in

directly binding to the Id2 promoter and consequently

regulating the level of Id2 transcription.
Extrinsic signaling pathways associated
with the E-ID axis

It is becoming clear that extracellular cytokine signaling can

further modulate the E-ID axis dependent transcriptional

reprograms in a T cell lineage-specific and context-dependent

manner, consequently governing T cell phenotypes implicated in

several disease outcomes (Figure 5). Interleukin-7 (IL-7) appears

to be an important determinant in this context. A recent study

discovered that Interleukin-7 (IL-7) signaling promotes Foxo1-

Tcf1-Id3 pathways to maintain memory CD8 T cell

differentiation, survival, and function (78). Although IL-7

signaling is well-established to play an important role in T cell

survival and proliferation (79, 80), before this finding, it was

primarily believed to function by enhancing the expression of
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anti-apoptotic Bcl-2 family of proteins, especially Mcl1 and Bcl-

2 (81). In another study, Han et al. demonstrated that when mice

were administered with the Mycobacterium tuberculosis (M.

tuberculosis) subunit vaccine and adeno-associated virus-

mediated IL-7, Id3 expression was directly upregulated,

contributing to long-term memory CD4 and CD8 T cells

response against M. tuberculosis infection (82). The underlying

mechanism, however, is yet to be elucidated.

Interleukin-21 (IL-21) is an IL-2 family cytokine produced

by activated T cells, mainly by natural killer T (NKT) cells, Th17

cells, and Tfh cells, to regulate immune responses (83, 84).

Elevated amounts of IL-21 have been reported in several

autoimmune diseases (85) such as inflammatory bowel disease

(86), rheumatoid arthritis (87), type 1 diabetes (88), and

systemic lupus erythematosus (89). Interestingly, a recent

study demonstrated that IL-21 signaling directly inhibits Id3

via STAT3, promoting differentiation of hyper-activating Tfh

cells, exacerbating the pathogenesis of Sjogren’s syndrome (90).

Hence, it is evident that IL-21 affects the E-ID axis under specific

inflammatory conditions, thereby influencing the differentiation

and function of disease-related target cells. In addition to IL-21,

Interleukin-2 (IL-2) and Interleukin-15 (IL-15) are also major

cytokines that regulate T cell differentiation, proliferation,

effector function, and memory formation (91, 92). Given that

the E-ID axis is critical for effector T cell function and memory T

cell formation, further investigation is required to determine
FIGURE 5

Extrinsic signaling pathways affect E-ID axis-mediated T cell function in infection, autoimmunity, and cancer. External signaling pathways affect
the expression of E and ID proteins as well as the E-ID axis in various T cell subsets, resulting in changes in the phenotype of T cells and
alleviating or exacerbating diseases (Foxo1, Forkhead Box O1; STAT3, Signal Transducer And Activator Of Transcription 3; IRF4, Interferon
Regulatory Factor 4; BATF, Basic Leucine Zipper ATF-Like Transcription Factor; TGF-b, Transforming growth factor b; HDAC, Histone
deacetylase; TM, Memory T cells; CAR, Chimeric Antigen Receptor). This figure was created with BioRender.com.
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how IL-2 and IL-15 downstream signaling affect the E-ID axis in

this context.

Under the inflammatory milieu in the context of

autoimmune diseases, Treg cells are known to convert into IL-

17 producing cells (93–95). These Treg cells that have lost Foxp3

and become Th17 cells are called “ex-Foxp3 Th17” cells.

Previously, our group demonstrated a unique mechanism by

which the pro-inflammatory cytokines, IL-1b and IL-6, by

altering the E-ID axis, contribute to Treg cell plasticity (96). In

this context, we found that Id2 expression is intrinsically

repressed during Treg cell differentiation, which is likely one

of the reasons why Treg cells stably maintain the expression of

Foxp3 in an E2A-dependent manner. In an inflammatory

set t ing , par t icu lar ly in exper imenta l auto immune

encephalomyelitis (EAE), elevated IL-1b and IL-6 mediated

STAT3/IRF4/BATF signaling cascades promote Id2 activation.

Enhanced Id2 blocks the binding of E2A to the Foxp3 locus and

renders Treg cells into pathogenic ex-Foxp3 Th17 cells, resulting

in exacerbated EAE pathogenesis. Interestingly, in mice bearing

B16-F10 melanoma, artificially promoting the plasticity of Treg

cells upon transient ectopic expression of Id2 effectively

inhibited tumor growth (96). Thus, re-balancing the E-ID axis

in a context-dependent manner may be beneficial in treating

autoimmunity and cancer.

In terms of promoting the anti-tumor activity of tumor-

infiltrating T cells in association with the E-ID axis, a recent

study showed that ex-vivo stimulation of human T cells with

exogenous transforming growth factor beta (TGFb) leads to the

accumulation of central memory T cells that exhibit relatively

superior antitumor function than effector T cells (97). This is

achieved by upregulating the memory-associated regulatory

factor Id3 and improving the anti-tumor activity of T cells and

chimeric antigen receptor-expressing T cells. However, the role

played by TGFb leading to the upregulation of Id3 and the target

genes regulated downstream of the E-ID axis in this context

requires further investigation.

Moreover, it is worth mentioning that metabolites derived

from intestinal microbes can directly regulate the E-ID axis,

affecting anti-tumor immunity. A recent study demonstrated

butyrate, one of the short-chain fatty acids (SCFAs), to be

directly involved in the upregulation of Id2 expression by

inhibiting histone deacetylase (HDAC) activity (98). Elevated

Id2, interfering with the activity of E2A, restores the expression

of E2A-repressed IL-12R and consequently activates IL-12

signaling, which is important for the cytotoxic activity of CD8

T cells. Curiously enough, this Id2-expression promoting

activity of butyrate appears to be a cell type and

microenvironment-specific phenomenon since, contrary to

CD8 T cells, butyrate is known to promote iTreg induction

from TCR-stimulated CD4 T cells in the presence of TGFb (99,

100), which according to our finding is negatively affected by

enhanced expression of Id2. Thus, it will be interesting to

determine further how specific metabolites of gut microbiota
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associated with cancer and inflammatory diseases affect T cell

differentiation and function within the E-ID axis.
Concluding remarks

In the past few years, several studies have clarified the

functions and mechanisms of the E-ID axis determining T cell

phenotypes in inflammation and cancer; however, further

research is necessary to understand the role of E and ID

proteins in the metabolic reprogramming of T cells in health

and disease. In particular, an integrated mechanistic

understanding of the E-ID axis regulating metabolic pathways

or rate-limiting enzymes in glycolysis or mitochondrial fatty acid

oxidation could provide opportunities for developing effective

therapeutic interventions to promote the anti-cancer function of

tumor-infiltrating T cells. Moreover, interesting areas focused on

improving tumor immunotherapy are the reversal of T cell

exhaustion and the maintenance of stem-like memory T cells,

which have been demonstrated as long-lived, self-renewing T

cell populations important for sustained antitumor immunity in

the TME (101). The ID proteins not only inhibit the

differentiation of exhausted CD8 T cells in the TME but are

also involved in generating diverse memory CD8 T cell subsets

under viral infection conditions. Therefore, understanding the

E-ID axis in this context could contribute to developing new

approaches to improving the bet ter outcomes of

cancer immunotherapy.

Besides T cells, several studies have suggested that ID

proteins in cancer cells play an important role in promoting

tumor progression and metastasis (14, 102). There is increasing

evidence that the functional inhibition of ID proteins by

pharmacological drugs in cancer cells suppresses cancer cell

proliferation under physiological conditions. For example, a

recent study showed that the chemical compound, AK-778-

XXMU, is a potent Id2 antagonist that can be used to treat

gliomas (14, 103). On the contrary, ID protein expression

improves the function of tumor-infiltrating T cells and virus-

reactive T cells. In line with this finding, further preclinical

studies need to be conducted uti l iz ing humanized

immunocompetent mouse models to determine durable

responses of the pharmacological agonists in promoting and

stabilizing ID protein expression in T cells that may prevent

disease progression and/or recurrence in patients.

In this review, we discussed the critical roles of the E-ID axis

in controlling T cell homeostasis and function under steady-state

conditions and various pathological settings. Understanding the

complexities of the multiple factors and extrinsic signaling

pathways associated with the E-ID axis and further defining

the pros and cons of targeting the E-ID axis to affect T cell

responses is likely to emerge as an area of enormous therapeutic

relevance in the future for immune-mediated diseases

and cancer.
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The E protein transcription factors E2A and HEB are critical for many developmental
processes, including T cell development. We have shown that the Tcf12 locus gives rise to
two distinct HEB proteins, with alternative (HEBAlt) and canonical (HEBCan) N-terminal
domains, which are co-expressed during early T cell development. While the functional
domains of HEBCan have been well studied, the nature of the HEBAlt-specific (Alt) domain
has been obscure. Here we provide compelling evidence that the Alt domain provides a
site for the molecular integration of cytokine signaling and E protein activity. Our results
indicate that phosphorylation of a unique YYY motif in the Alt domain increases HEBAlt
activity by 10-fold, and that this increase is dependent on Janus kinase activity. To enable
in vivo studies of HEBAlt in the T cell context, we generated ALT-Tg mice, which can be
induced to express a HA-tagged HEBAlt coding cassette in the presence of Cre
recombinases. Analysis of ALT-Tg mice on the Vav-iCre background revealed a minor
change in the ratio of ISP cells to CD8+ SP cells, and a mild shift in the ratio of T cells to B
cells in the spleen, but otherwise the thymus, spleen, and bone marrow lymphocyte
subsets were comparable at steady state. However, kinetic analysis of T cell development
in OP9-DL4 co-cultures revealed a delay in early T cell development and a partial block at
the DN to DP transition when HEBAlt levels or activity were increased. We also observed
that HEBCan and HEBAlt displayed significant differences in protein stability that were
resolved in the thymocyte context. Finally, a proteomic screen identified STAT1 and Xpo1
as potential members of HEBAlt-containing complexes in thymocytes, consistent with
JAK-induced activation of HEBAlt accompanied by translocation to the nucleus. Thus, our
results show that the Alt domain confers access to multiple layers of post-translational
control to HEBAlt that are not available to HEBCan, and thus may serve as a rheostat to
tune E protein activity levels as cells move through different thymic signaling environments
during T cell development.
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INTRODUCTION

T cells act as a central organizing hub for adaptive immune
responses and provide a first line of innate defense in barrier
tissues. These roles are distributed among distinct T cell
subsets, which acquire their core functions during T cell
development in the thymus. T cell development occurs in
the thymus through a series of intermediates that give rise to
ab and gd T cells. These cells arise from T-lineage committed
progenitors known as double negative (DN; CD4-CD8-)
cells. DN cells can be further subdivided into successive
developmental stages using the markers CD44 and
CD25: DN1 (CD44+CD25-), DN2 (CD44+CD25+), DN3
(CD44-CD25+), and DN4 (CD44-CD25-) (1). Successful
rearrangement of TCRb, expression of TCR signaling
components, and assembly of a pre-T cell receptor (pre-
TCR) complex allows passage through “b-selection” into the
ab-T lineage (2). b-selected cells downregulate CD25 to
become DN4 cells. DN4 cells undergo rapid proliferation
and upregulate CD8+ to become immature single positive
(ISP) cells. This is followed by upregulation of CD4 to
generate double positive (DP; CD4+CD8+) thymocytes (3).
DP cells become quiescent as they commence TCRa
rearrangement. Upon ab TCR signaling, DP cells can
differentiate into either conventional CD4+ or CD8+ single
positive (SP) cells through a series of intermediate stages that
can be followed by expression of CD69 and CD24.

The E protein transcription factors encoded by the Tcf12
(HEB) and the Tcf3 (E2A) loci are essential regulators of T cell
development. Each major developmental transition that
occurs during thymic T cell development is dependent on
interactions between E protein transcription factors and their
antagonist Id3 (4–8). Prior to b-selection, E proteins directly
upregulate the expression of proteins involved in pre-TCR
signaling, including pTa, TCRb, CD3, Lck, LAT, and RAG1/2
(9–12). Pre-TCR, gd TCR, and ab TCR signaling lead to the
transient upregulation of Id3, which halts E protein activity
(13, 14). After T lineage commitment and passage through b-
selection, E proteins can regulate gene products that are not
expressed at the DN stage, including CD4, TCRa, and Rorgt
(7, 15–17). Thus, regulation of different suites of T cell genes
at different stages of development is a key feature of E protein
activity during T cell development, as has also been observed
for GATA3 and Runx factors (18, 19).

HEB and E2A knockout mode l s have prov ided
considerable insight into the roles of these factors at
different stages of thymocyte development. HEB deficiency
leads to defects in fetal gd and ab T cell development (20, 21).
HEB disruption also results in a partial block at the DN3 to
DN4 transition, an accumulation of ISP cells, and a decrease
in CD4 T cells (22, 23). Deletion of E2A results in a partial
block at the DN1 to DN2 transition, breakthrough to the DP
stage in the absence of pre-TCR or gdTCR signals, an increase
in SPs, and leukemic transformation of T cell progenitors (24,
25). Conditional deletion of both HEB and E2A with Lck-Cre
in DN thymocytes resulted in the emergence of a rapidly
Frontiers in Immunology | www.frontiersin.org 2117
cycling population of IL-7R dependent DN2-like cells (26).
These studies and others led to the concept of E proteins as
“gatekeepers” that prevent inappropriate differentiation and
proliferation prior to receiving pre-TCR, gdTCR, or abTCR
signals (27).

HEB and E2A function as homodimers and heterodimers, but
how dimer composition affects target gene expression is poorly
understood. In DN thymocytes, two variants of HEB are
expressed: HEBAlt (alternative) and HEBCan (canonical) (28).
HEBAlt mRNA is downregulated at the DN3 to DN4 transition,
leaving HEBCan and E2A as the main E proteins in DP and SP
cells (28, 29). HEBCan and E2A share a conserved domain
structure, including three activation domains (AD1, AD2,
AD3), which interact with other transcriptional regulators, and
a basic helix-loop-helix (bHLH) DNA binding and dimerization
domain (30–32) (Figure 1A; Figure S1). HEBAlt includes AD2
and the bHLH domain and lacks AD1. The N-terminus of
HEBAlt encodes a 23 amino acid “Alt” domain that is
excluded from HEBCan. This configuration arises from the
location of the Alt exon between exons 8 and 9 of the Tcf12
gene locus (Figure 1B). Additionally, the AD3 domain spans
exons 8 and 9, resulting in the absence of the first half of AD3
in HEBAlt.

HEBAlt and HEBCan are expressed from distinct
transcriptional start sites, allowing differential regulation of
mRNA expression (Figure 1B). HEBCan is expressed
throughout T cell development, peaking at the DP stage,
whereas HEBAlt mRNA is restricted to DN2 and DN3 cells
(28). Thus, differences between HEBAlt and HEBCan could
factor into the switching of E protein target genes at the DN to
DP transition. Our previous work using retroviral vectors and
in vitro differentiation systems showed that HEBAlt could
enhance entry of uncommitted progenitors into the T-lineage,
whereas HEBCan did not (28, 33). HEBAlt could also uniquely
restrict B and myeloid cell development, and recruit
committed myeloid precursors into the T cell lineage (21,
33, 34). By contrast, overexpression of HEBCan inhibited T
cell development, consistent with its role as a gatekeeper.
Whether HEBAlt participates in the gatekeeping process has
not been resolved, and the function of the Alt domain
remains unclear.

In this study, we generated HEBAlt mutant constructs and
evaluated their ability to induce transcriptional activation using
promoter-reporter luciferase assays. Our results identified a
unique triple tyrosine (YYY) motif within the Alt domain that
plays a role in the magnitude of HEBAlt-mediated
transcriptional activation. We also showed that YYY-
mediated elevation of HEBAlt activity is dependent on JAK
(Janus tyrosine kinase) activity, and that the YYY motif can be
phosphorylated. Furthermore, using an HEBAlt transgenic
mouse model, we observed that uncontrolled HEBAlt activity
inhibited progress through T cell development, and that
HEBAlt protein stability is dependent on cell context. Our
results indicate that HEBAlt activity is tightly regulated at the
post-translational level, and that disruption of this regulation
interferes with T cell development.
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METHODS

Mice
The generation of Rosa26-loxP-stop-loxP-HEBAlt-HA (ALT-
Tg) mice was performed by Ingenious Targeting Laboratories
(Ronkonkoma, NY). Hybrid (129/SvEv x C57BL/6) embryonic
stem cells (ESCs) were targeted and microinjected into C57BL/6
blastocysts. Resulting chimeras were mated to WT C57BL/6N
mice to generate F1 heterozygous offspring, and those with
germline integration were backcrossed for six generations with
C57BL/6 mice to fix them on the C57BL/6 background. To
induce expression in all hematopoietic cells, ALT-Tg mice were
crossed to Vav-iCre mice (Jax; 008610)91. All experiments were
conducted using 6-8 wk old littermate controls. Mice were
maintained at the Sunnybrook Research Institute and all
protocols were approved by the Animal Care Committee.

Construct Generation
HEBAlt (NM_001253864.1) and HEBCan (NM_011544.3)
cDNAs were cloned into pCMV-HA or pCMV-myc expression
vectors using the KpnI and SalI cloning sites. Site-directed
mutagenesis performed on the pCMV-HEBAlt-HA plasmid to
generate the mutant constructs using the Agilent QuikChange
Site-Directed Mutagenesis Kit or Q5® Site-Directed Mutagenesis
Kit. Mutations were confirmed by cloning the inserts into Top10
Competent E. coli cells, followed by plasmid DNA extraction and
Sanger Sequencing (TCAG; SickKids, Toronto, Canada).

Cell Culture
Cells lines were cultured under standard conditions at 37°C with
5% CO2. Adherent cells were trypsinized (0.25% Trypsin) for
passaging. Both adherent and suspension cells were centrifuged
at 550 g for 5 minutes before re-plating in fresh media. HeLa
cells, HEK293T cells, and Baby Mouse Kidney (BMK) cells
(deficient for Bax and Bak, kind gift from David Andrews,
Sunnybrook) were cultured in DMEM supplemented with 10%
FBS and antibiotics (100 mg/mL penicillin and 100 U/mL
streptomycin). Jurkat cel ls were cultured in RPMI
supplemented with 10% FBS and antibiotics. SCID.adh cells
were cultured in RPMI supplemented with 10% FBS,
antibiotics, 1% non-essential amino acids, 1% sodium
pyruvate, and 50mM b-mercaptoethanol. OP9-DL4 co-cultures
were seeded with LSK (Lin-Sca1+ckit+) cells sorted from bone
marrow of WT or ALT-Tg mice, or with GFP+ LSK cells sorted
from retrovirally transduced bone marrow, as previously
described (35).

Transfections
Cells were seeded 18 h before transfection, and equal amounts of
DNA were transfected into each well using Lipofectamine 3000
Transfection Reagent (Invitrogen; Cat. L3000008) or FuGene
HD Reagent (Promega; E2311) in OPTI-MEM. Analysis was
performed 24 h post-transfection.

Electroporation
For immunoprecipitation experiments, Jurkat cells were
transfected with 5 mg of vector DNA by Neon Transfection
Frontiers in Immunology | www.frontiersin.org 3118
System based on manufacturer’s protocols. After washed with
PBS, cells were resuspended in R Buffer to reach a concentration
of 2 ×107 cells/ml. Using 100 ml Neon tips, cells were
electroporated with the parameter of 1350V, 10 ms, three
times, in a Neon tube containing E2 Buffer. After the pulse,
cells were quickly transferred into a 6-well-plate with 3 ml RPMI
supplemented with 10% FBS and antibiotics and cultured for
2 days.

Dual Luciferase Reporter Assays
Transcriptional activity was assessed by performing Dual
Luciferase Reporter (DLR) Assays (Promega; Cat. E1910). The
following constructs were co-transfected into cells in 24-well
plates using FuGene HD transfection reagent (Promega; Cat.
E2311): Renilla Luciferase, 8X-E-box Firefly luciferase reporter
construct (pGL3/4 vector) (33), and pCMV-HA HEB expression
constructs. Cells were lysed 24 h post-transfection using lysis
buffer provided by the DLR assay kit, and luminescence was
measured using the BioTek Synergy H1 Hybrid Reader. Firefly
Luciferase Units were normalized to Renilla Luciferase Units to
calculate Relative Luciferase Units (RLU).

Retroviral Transduction
GFP (empty vector negative control), HEBAlt (ALT), FFF, EEE,
and HEBCan (CAN) retrovirus- producing GP+E cell lines were
generated using pMIG-IRES-GFP, pMIG-HEBALT-HA-(WT/
FFF/EEE)-IRES-GFP, and pMIG-HEBCAN-HA-IRES-GFP
vectors, as previously described (36). BMK cells were co-
cultured with the retrovirus-producing cell lines overnight
(18h) in media containing Polybrene (10mg/mL). GFP+ cells
were sorted by flow cytometry and expanded in culture to create
stably expressing cell lines.

Immunoprecipitation
SCID.adh cells and HeLa cells, or HEK293T cells transfected
with expression constructs using Lipofectamine 2000 one day
earlier, were harvested using Pierce lysis buffer supplemented
with protease (Thermo Scientific, 78425) and phosphatase
inhibitors (EMD Millipore, 4906845001). Lysates were
incubated on ice for 30 min, with vigorous vortexing every 10
min, and then pre-washed with Pierce Protein A/G agarose
slurry for 1 h at 4°C to block non-specific binding. HA-tagged
proteins were subjected to IP at 4°C overnight using antibody-
agarose beads (Clontech, 631207) followed by three washes with
Pierce lysis buffer or were collected anti-HA-conjugated
magnetic beads followed by TBST washes (Thermo
Scientific, 88836).

Western Blotting
Cells were lysed using RIPA buffer with protease inhibitors (Halt
Protease Inhibitor Cocktail (100X); Thermo Scientific; Cat.
78430). Protein concentrations were measured using the Pierce
BCA Protein Assay Kit (Thermo Scientific; 23225) and equal
amounts were used in SDS-PAGE analysis. Lysates were
denatured in SDS loading buffer (containing DTT), heated at
100°C for 5 min, and loaded onto acrylamide gels. Sizes were
determined using the PageRuler Plus Prestained Protein ladder
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(Thermo Scientific, 10 to 250kDa). Samples were transferred
from the gel onto a PVDF membrane (Biorad TransBlot Turbo)
by the semi-dry transfer method using the TransBlot Turbo
Machine (Biorad), and the membrane was blocked overnight at
4°C on a shaker in 1X TBST (Tris-buffered saline with Tween 20
at 0.1% v/v) with 5% skimmilk to eliminate non-specific binding.
The next day, the blots were probed with primary antibodies in
1X TBST with 5% BSA, washed, and probed with HRP-
conjugated secondary antibodies. After washing in TBST, the
blot was visualized using the Clarity ECL kit (Biorad) and the
Fusion Fx Chemiluminescence and Fluorescence Imager (Vilber
Lourmat). Image quantification was performed using ImageJ
software. The primary antibodies used in these studies were the
HA-Tag polyclonal antibody (Clontech, 631207), pan anti-HEB
antibody (Santa Cruz Biotechnology, A-20, sc-357), anti-
GAPDH (mouse, EMD Millipore, MAB374), anti-Tubulin
(mouse, SCBT; sc-69970), and anti-Alt (in-house). The
secondary antibodies were HRP-conjugated Goat anti-Rabbit
(Invitrogen, 626120) and Goat anti-Mouse (BioRad, 1706516).
The anti-phosphotyrosine antibody (4G10 Platinum) was
directly conjugated to HRP (Sigma-Aldrich 16-316).

Protein Stability Assays
For the cyclohexamide experiments, cells were treated with 300
mg/mL cyclohexamide (CHX) to block translation elongation 24
h post-transfection. The cells were lysed at 0 h, 0.5 h, 1 h, and 2 h
post-CHX-treatment, and lysates were analyzed by Western
blotting. Band densities were quantified using ImageJ.

JAK Inhibition
Jurkat cells were co-transfected with ALT, FFF, EEE or pCMV-
HA (negative control) and the 8X E-box luciferase reporter and
treated with DMSO (no Ruxolitinib) or 1 mM of the pan-JAK
inhibitor Ruxolitinib (Invitrogen, tlrl-rux) for 4 h. Dual luciferase
assays were conducted, and the data was depicted as relative
luciferase units (RLU) normalized to untreated ALT.

Mass Spectrometry
HEK293 cells transfected with ALT, CAN, EEE, FFF, TR, or
empty vector, or whole thymocytes from littermate ALT-Tg mice
with or without Vav-Cre, were lysed using RIPA lysis buffer and
subjected to IP using the Pierce™ HA-Tag Magnetic IP/Co-IP
Kit (ThermoFisher Scientific; 88838) and anti-HA antibodies.
Samples were trypsin-digested and analyzed by mass
spectrometry at the SPARC BioCentre facility using a Thermo
Scientific Q Exactive HF-X hybrid quadrupole-Orbitrap mass
spectrometer (SickKids, Toronto). Scaffold (version
Scaffold_5.0.1, Proteome Software Inc., Portland, OR) was used
to validate MS/MS based peptide and protein identifications.
Peptide identifications were accepted if they could be established
at greater than 95.0% probability. Peptide Probabilities from
Sequest (XCorr Only) and MS-Amanda Proteome Discoverer
were assigned by the Scaffold Local FDR algorithm. Peptide
Probabilities from X! Tandem were assigned by the Peptide
Prophet algorithm (37) with Scaffold delta-mass correction.
Protein probabilities were assigned by the Protein Prophet
algorithm (38). A filter of 95% protein identity, 95% peptide
Frontiers in Immunology | www.frontiersin.org 4119
identity, and a minimum of 3 spectra were applied to all samples,
and then proteins present in the HA negative control
were removed.

Post Translational Modification Site
Localization
Scaffold PTM (Proteome Software, Portland, OR) was used to
annotate PTM sites derived from MS/MS sequencing results
using the site localization algorithm developed by Beausoliel et al.
(39). MS/MS spectra identified with modified peptides were
identified and AScore values and site localization probabilities
were calculated to assess the level of confidence in each
PTM localization.

Generation of Anti-ALT Antibodies
Anti-ALT antibodies were made by Abcam (Cambridge, U.K). A
peptide corresponding to the Alt domain coding region was
synthesized, conjugated to KHL, and injected into rabbits. After
several rounds of boosting, the rabbits were exsanguinated to
provide polyclonal stocks. Specificity was confirmed by Western
blotting of HEK293T cells transfected with either HEBAlt- or
HEBCan- expressing constructs (Figure S2A), and Rag2-/-
thymocytes, which express abundant HEBAlt protein
(Figure S2B).

Statistical Analysis
Data was analyzed using Prism software (GraphPad). Statistical
significance was determined by comparing two sets of data with
the unpaired two-tailed Student’s t test, where a p value of less
than 0.05 fulfilled the criteria of statistical significance. The
variation between biological replicates of the same group was
depicted by graphing the standard error of the mean as error
bars. All data shown are reflective of at least two independent
experiments. Results of multiple experiments were pooled,
normalized, graphed, and shown as individual data points.
RESULTS

Optimal HEBAlt Transcriptional Activity
Requires the Last Third of the Alt Domain
We have previously shown that the activity of HEBAlt on an E-
box promoter-reporter luciferase construct was lower than
HEBCan-induced transcriptional activation (33). This could
have been due to the absence of the HEBCan-specific N-
terminus, or due to unique properties of the Alt domain. To
distinguish between these possibilities, we generated HA-tagged
HEBAlt mutant truncation expression constructs using naturally
occurring methionines as start codons (Figures 1C, D). We
removed the first third of the Alt domain (MET1), the first two-
thirds, (MET2), the entire Alt domain (TR), or the Alt domain
and part of exon 9, which is shared between HEBAlt and
HEBCan (MET3) and tested their ability to transactivate the
reporter construct as compared with WT (ALT) HEBAlt in
HEK293T cells. All constructs were expressed at comparable
protein levels (Figure 1E). ALT induced luciferase activity was
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above background levels, in agreement with previous studies (33)
(Figure 1F). The MET1 and MET2 constructs displayed
comparable activity to full length ALT, but the TR and MET3
constructs, which lacked the Alt domain completely, had a ~3-
fold decrease in activity. These results indicated that the last third
of the Alt domain is required for effective transcriptional
activation from a multimerized E box site by HEBAlt.

The YYY Residues in the Alt Domain
Regulate HEBAlt Activity
Closer inspection of the amino acid residues in the Alt domain
revealed an abundance of tyrosine (Y) residues, including a triple
tyrosine (YYY) motif. To evaluate whether the Alt domain could
respond to signaling through tyrosine kinase-mediated
pathways, we generated mutant HEBAlt constructs in which
Frontiers in Immunology | www.frontiersin.org 5120
the YYY motif was replaced by EEE, imparting a negative charge
and mimicking phosphorylation, or FFF, which cannot be
phosphorylated (Figure 2A). We transfected these constructs
into HEK293T cells and confirmed that EEE and FFF were
expressed at similar protein levels to ALT (Figure 2B). To
evaluate the ability of these constructs to activate transcription
from the 8X E box reporter construct, we co-transfected them
into BMK (Baby mouse kidney) cells. Consistent with our
previous findings, luciferase assays showed that ALT had lower
levels of activity than HEBCan (CAN) and E2A (E47)
(Figure 2C). Strikingly, EEE exhibited a ~10-fold increase in
activity over ALT, to levels that surpassed CAN. By contrast, FFF
activity was ~2-fold lower than ALT. We also tested the activity
of these factors in HEK293T cells on the Ptcra promoter, which
drives expression of the gene encoding pTa in DN thymocytes
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FIGURE 1 | The Alt domain is required for HEBAlt transcriptional activity. (A) Diagram of HEBAlt (alternative) and HEBCan (canonical) variant domain structures
and functions. AD=activation domain, bHLH = basic DNA binding and helix-loop-helix dimerization. ALT = domain specific to HEBAlt, with amino acid sequence
shown above it. (B) Structure of the TCF12 gene locus that encodes both HEBCan and HEBAlt by alternative transcriptional initiation and splicing. Introns =
straight line, exons = boxes, promoters = ovals. Exons encoding the functional domains are indicated under the locus and in colors corresponding to (A). (C)
Domain structures of HEBAlt WT (ALT), MET1, MET2, TR, MET3, and HEBCan (CAN). Domains are color coded to match (A, B). Light blue diamonds = HA
epitope tag. (D) Amino acid sequence of the wildtype (ALT) and mutated Alt (MET1, MET2) domains. MET3 and TR lack the ALT domain entirely. (E) Western
blot showing protein expression of wildtype and mutant HEBAlt construct expression as detected by anti-HA. HA indicates HA vector-only control (F). Dual
luciferase assay on cells co-transfected with HA-tagged ALT, MET1, MET2, MET3, or TR, plus 8X E box Firefly luciferase and Renilla luciferase constructs. The
Y-axis depicts relative luciferase units (RLU) of Firefly to Renilla values, normalized to ALT. ***P ≤ 0.0001, **P ≤ 0.001, ns = non-significant. Note that in (E),
some lanes from the same gel are depicted separately, as they were cut and pasted back together from the original image to exclude irrelevant data. None of
the domain or construct diagrams are to scale.
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(40) (Figure 2D). Under these conditions, ALT and FFF activity
were both low, but EEE approximated HEBCan activity. These
results suggest that phosphorylation of the YYY motif in the Alt
domain might enable HEBAlt to induce transcription more
strongly than HEBCan.

FFF Does Not Act as a Dominant Negative
Form of ALT
To evaluate whether the FFF acted as a dominant negative form
of HEB, we assessed whether mixing FFF with ALT, CAN, or
Frontiers in Immunology | www.frontiersin.org 6121
E2A would decrease the overall activity when co-transfected into
HEK293T cells with the reporter construct. We found that FFF
did not interfere with CAN or E2A transcriptional activity but
induced a small increase in ALT activity (Figure 2E). Next, we
asked whether mixing the EEE mutant with each of the wildtype
E proteins would impact their activity. No major impact on CAN
or E47 activity was observed with the addition or either EEE,
suggesting that a negative charge on one E protein within an E
protein dimer is sufficient to drive enhanced transcriptional
activation (Figure 2F).
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FIGURE 2 | A YYY motif in the Alt domain modulates HEBAlt transcriptional activity. (A) Amino acid sequences of the Alt domain of the EEE and FFF
constructs. (B) Western blot of protein expression for the HA-tagged ALT, FFF, and EEE constructs in HEK293T cells, probed by anti-HA, with anti-tubulin
as a loading control. (C) Dual luciferase assays on BMK cells transfected with expression constructs for ALT, FFF, EEE, HEBCan (CAN), E2A (E47), or HA
empty vector control, along with 8X E box Firefly luciferase and Renilla luciferase constructs. The Y-axis depicts relative luciferase units (RLU) of Firefly to
Renilla luciferase values, normalized to ALT. (D) Dual luciferase assay on HEK293T cells co-transfected with HA-tagged expression constructs for ALT, FFF,
EEE, CAN, or HA empty vector control with a construct in which Firefly luciferase was driven by the Ptcra promoter, and a Renilla luciferase construct. The
Y-axis depicts relative luciferase units (RLU) of Firefly to Renilla luciferase values normalized to ALT. (E) Constructs were mixed 1:1 to allow the formation of
homodimers of ALT, CAN, E2A (E47), or FFF, or heterodimers of ALT, CAN, or E2A with FFF, and activity was measured by luciferase assays using the 8X E
box construct. (F) Constructs were mixed 1:1 to allow the formation of homodimers of ALT, CAN, E2A (E47), or EEE, or heterodimers of ALT, CAN, or E2A
with EEE, and activity was measured in HEK293T cells by luciferase assays using the 8X E box construct. Note that the assays shown in (E, F) were
conducted at the same time, and the ALT, FFF, EEE, CAN, E47, and HA samples were graphed next to either the FFF or EEE samples for clarity. *P < 0.05,
**P < 0.001, ***P < 0.0001, ****P < 0.0001, ns, non-significant.
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HEBAlt Activity Is Reduced by JAK
Inhibitors
To formally assess whether ALT proteins can form homodimers,
we generated a myc-tagged ALT construct (Figure 3A). ALT-HA
and ALT-myc were co-transfected into HEK293T cells, and
Frontiers in Immunology | www.frontiersin.org 7122
antibodies were used to immunoprecipitate (IP) ALT-myc.
Western blot analysis of HA-tagged constructs clearly showed
that ALT-myc and ALT-HA can form a complex (Figure 3B),
consistent with the existence of HEBAlt homodimers. Next, we
assessed whether JAK tyrosine kinases could enhance HEBAlt
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FIGURE 3 | HEBAlt transcriptional activity is decreased by JAK inhibition. (A) Western blot of lysates from HEK293T cells transfected with HEBAlt-HA, HA empty
vector (pCMV-HA), HEBAlt-myc, or myc empty vector (pCMV-myc) expression constructs probed with anti-HA, anti-myc, anti-HEB (A20) or b-tubulin as a loading
control. (B) Western blots of HEK293T lysates from co-IPs of HEBAlt-HA and HEBAlt-myc, using anti-myc antibodies for co-IP and anti-HA antibodies for Western
protein detection, at a higher (left) or lower (right) concentration of lysate (triangle). (C) Diagram of JAK inhibition experimental design. Jurkat cells were co-transfected
with HEBAlt (ALT; yellow), FFF (red), EEE (green) or HA empty vector (white), and 8X E box Firefly luciferase and Renilla luciferase constructs. Cells were cultured with
(checked) or without (filled) the pan-JAK inhibitor Ruxotinilib (Ruxo) for two days at 1 mM, followed by dual luciferase assay. (D) Activation of the reporter construct
as measured by dual luciferase assay. The Y-axis depicts relative luciferase units (RLU) of Firefly to Renilla luciferase values normalized to ALT. **P < 0.001, ns, non-
significant. (E) Detection of endogenous tyrosine phosphorylated protein in the mouse pro-T cell line SCID.adh and human HeLa cells after immunoprecipitation with
anti-HEB antibodies, assessed by probing of Western blot with anti-phosphotyrosine antibodies. (F) Western blot of lysates extracted from Jurkat cells transfected
with ALT or CAN, IP’d with anti-HA, and probed with anti-phosphotyrosine antibodies. (G) Expression proteins epitope tagged with myc or HA were contransfected
into HEK293T cells and co-immunoprecipitated with anti-myc. Lysates were analyzed by Western blots probed with anti-HA. The discrepancy between ALT-ALT
dimerization seen in (B) versus (G) is likely due to the exposure times on the different blots, since a far longer detection time was necessary to observe ALT-ALT
dimers, and the blot in (G) was optimized to visualize the range of intensity for the other dimers.
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activity. ALT or mutant constructs and 8X-E box reporter
constructs were co-transfected into Jurkat T cells, which
provide a background of low constitutive JAK signaling (41).
ALT, FFF, EEE, or control empty vector (HA) transfected Jurkat
cells were cultured with or without the JAK inhibitor Ruxolitinib
for two days, followed by luciferase assays (Figure 3C). As
before, FFF displayed lower activity than ALT. In contrast,
EEE exhibited a ~20-fold higher activity than ALT
(Figure 3D). Importantly, JAK inhibition decreased ALT
activity but did not significantly affect the activity of FFF or
EEE. These results indicate that modulation of JAK function can
regulate HEBAlt activity in a YYY-dependent manner.

Phosphorylation of the YYY Motif in the Alt
Domain
To assess whether HEBAlt could be phosphorylated, we used
anti-HEB (A20) to IP endogenous HEB factors from HeLa and
SCID.adh cells (42) (Figure 3E). Anti-HEB was used to IP HEB
factors, and the Western blot was probed using anti-
phosphotyrosine antibodies (4G10). One band around 60 kDa
was detected, consistent with phosphorylation of HEBAlt
tyrosine residues. To verify the specificity of the endogenous
bands, we transfected HA-tagged ALT, CAN, or FFF constructs
into Jurkat cells and cultured them for two days. The transfected
Jurkat cells were subjected to IP with anti-HA antibodies
(Figure 3F) and Western blots were probed with anti-
phosphotyrosine antibodies. In the ALT and CAN transfected
Jurkat cells, we observed two bands, one at the size of HEBCan
(upper band; ~100 kD) and another at the size of HEBAlt (lower
band; ~60 kD), whereas the FFF sample lacked bands indicating
phosphorylated tyrosine. To assess whether the presence of two
bands in the each of the ALT and CAN samples might be due to
enrichment of complexes containing both HEBAlt and HEBCan,
we performed co-IPs in HEK293T cells with myc-tagged and
HA-tagged HEBAlt, HEBCan, E2A, and MyoD (Figure 3G).
MyoD is a Class II bHLH factor that binds more strongly to E
proteins than they do with each other. Our results showed that
HEBAlt can form heterodimers with HEBCan, E2A, and MyoD.
Therefore, the presence of a phosphorylated CAN band in the
ALT sample and a phosphorylated ALT band in the CAN sample
suggests that both proteins were precipitated as components of
complexes containing HA-tagged proteins. Moreover, these
bands suggest that both HEBCan and HEBAlt, whether
exogenous or endogenous, can be tyrosine phosphorylated,
whereas FFF cannot. Moreover, the lack of bands in the FFF
lane suggest that it may not be able to form stable dimers with
either HEBAlt or HEBCan, providing a partial explanation for its
decreased function.

Detection of a Phosphorylated YYY Motif
Within the E2-2 Alt Domain
To directly identify phosphorylated residues on HEBAlt, we
transfected HEK293T cells with HA-tagged ALT, FFF, EEE,
CAN, and TR. After 24 h, protein lysates were generated in the
presence of phosphatase inhibitors and subjected to IP with anti-
HA. The precipitated proteins were subjected to mass
Frontiers in Immunology | www.frontiersin.org 8123
spectrometry sequencing, and ScaffoldPTM was used to
identify phosphorylated residues on ALT, FFF, EEE, CAN, and
TR (Figure 4A). Five unique peptides were recovered from this
set of samples, all of which were located downstream of the ALT/
CAN junction (Figures 4B, C). Spectra consistent with
phosphorylation were detected on two serines, two threonines,
and one tyrosine. These were sparsely present among the
peptides and were differentially represented in each sample
(Figure 4C). However, we also detected a paralog of HEBAlt,
E2-2Alt (43), likely due to co-immunoprecipitation with
HEBAlt. The Alt domains of E2-2 and HEB differ by two
amino acids (Figure 4D), allowing unequivocal identification.
This spectrum showed a +80 shift on the last tyrosine of the YYY
motif indicating the presence of a phosphate group (Figure 4E).
It should be noted that E2-2Alt spectra represented an
endogenous protein that is not overexpressed, further
supporting the capacity of the YYY motif in E protein ALT
variants to be directly phosphorylated on at least one
tyrosine residue.

A Transgenic Mouse Model for Studying
HEBAlt In Vivo
Given the lack of reagents available for studying HEBAlt, we
generated several new tools to move our studies into the context
of T cell development. The first was an antibody that detects the
Alt domain (Figure S2). These antibodies (anti-ALT) worked
well for detection of HEBAlt using Western blots but not for
immunoprecipitations. Therefore, we designed a new mouse
model with inducible expression of HEBAlt. To enhance the
versatility of these mice, we inserted an HA-tagged HEBAlt
construct into a loxP-stop-loxP cassette driven by the Rosa26
constitutively expressed promoter to generate ALT-Tg mice
(Figure 5A). In these mice, the HEBAlt-HA transgene is silent
until the stop cassette is removed by Cre-mediated excision,
enabling induction of HEBAlt-HA expression in a stage- and
lineage-specific manner. We bred these mice to Vav-iCre mice
to induce deletion in all hematopoietic cells, and generated
ALT-TgVav-iCre (ALT-Tg) mice, which were compared with
ALT-Tg (WT) littermates containing the transgene in the
absence of Cre.

Phenotyping of Major Thymocyte Subsets
in ALT-Tg Mice at Steady State
The ALT-Tg mice had no obvious defects at the level of gross
morphology. The adult thymus had normal cellularity
(Figure 5B) and undisturbed proportions of DN, DP, and SP
thymocytes at steady state (Figures 5C, G), as well as a normal
distribution of DN subsets (Figures 5D, H). We also evaluated
the percentages of gd T cells (Figures 5E, I), and the distribution
of immature versus mature cells within the gd T cell subset
according to expression of CD24 (Figures 5F, I). No significant
differences were observed. We next undertook a more in-depth
analysis of thymocyte subsets that normally do not express
HEBAlt at the mRNA level (Figure 6). Gating on the CD8
+CD4- subset (Figure 6A) revealed that the proportion of
immature (CD24+ TCRb-) cells to mature (CD24-low TCRb+)
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cells was higher in ALT-Tg mice than in WT mice, with a
corresponding decrease in the percentage of mature CD8+ SPs in
the ALT-Tg mice (Figures 6B, G). This was not accompanied by
a decrease in the percentage of DP cells, suggesting the increase
in CD8+ ISP did not indicate a developmental block at the DN to
DP transition. To assess the ratio of mature CD4 to CD8 cells, we
first gated on TCRb+ CD3+ cells (Figures 6C, H), and then on
CD24- cells within that population (Figure 6H). These two
populations were present at similar frequencies in WT and
ALT-Tg. We next evaluated the frequencies of CD4 and CD8
cells within the mature (TCRb+ CD3+ CD24-) population and
found no differences between WT and ALT-Tg mice
(Figures 6D, I). To assess whether positive selection was
impaired in ALT-Tg mice, we examined CD24 and CD69
expression within the TCRb+ CD8+ (Figures 6E, J) and the
TCRb+ CD4+ (Figures 6F, K) populations. Thymocytes from
ALT-Tg mice exhibited transient upregulation of CD69
accompanied by CD24 downregulation comparable to WT
Frontiers in Immunology | www.frontiersin.org 9124
thymocytes in both the CD4+ and CD8+ SP subsets.
Therefore, we found no evidence for alterations in positive
selection in the ALT-Tg mice on the C57Bl/6 background with
a polyclonal repertoire.

HEBAlt Protein Persists in Thymocytes
After mRNA Expression Ceases
To confirm expression of the HEBAlt transgene in ALT-Tg mice,
we measured HEBAlt mRNA and protein levels (Figure 7).
Although HEBAlt mRNA decreased at the DN3 to DN4
transition in the WT mice, as expected, it was sustained up to
the DP stage in ALT-Tg thymocytes, as detected by anti-HA
(Figure 7A). Western blots of sorted thymocyte subsets showed
that the transgenic HEBAlt protein was also expressed up to the
DP stage, as detected by anti-HA (Figure 7B). Surprisingly, we
also found that endogenous HEBAlt protein, as detected by the
anti-ALT antibody, was present in WT thymocytes subsets that
had downregulated HEBAlt mRNA (Figure 7C). These
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FIGURE 4 | Detection of post-translational modifications in HEBCan, HEBAlt, and HEBAlt mutant proteins transfected into HEK293T cells. (A) Diagram of
experimental design. HEK293T cells were transfected with HA-tagged constructs and subjected to immunoprecipitation 24 hrs later using anti-HA antibodies.
Lysates were subjected to mass spectrometry sequencing, and sequences were analyzed to detect post-translational modifications (PMTs). (B) Annotated amino
acid sequence of HEBAlt. Purple = Alt domain. Underlined = peptides detected. Red = residues with S/T/Y phosphorylation detected at least once. Blue = bHLH
domain. No peptides were detected representing the Alt domain. (C) Table showing the numbers and distribution of specific PMTs in each peptide among samples
bearing different constructs. LP = probability that the site of phosphorylation has been correctly annotated, as calculated by the Scaffold-PTM software. (D)
Alignment of the Alt domains of HEB and its paralog E2-2 showing the two amino acid difference between them. (E) Spectrum of a peptide identified as E2-2Alt in
the FFF sample with a mass shift of +80 at the last tyrosine of the YYY motif, consistent with phosphorylation.
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observations suggest that HEBAlt protein stability may be
enhanced across the b-selection checkpoint.

The Thymocyte Environment Enhances
HEBAlt Protein Stability
Given the discordance between HEBAlt mRNA and HEBAlt
protein expression, we evaluated HEBAlt protein stability by
performing cycloheximide chase experiments. BMK cells were
stably transduced with HA-tagged HEBAlt or HEBCan to
provide a non-T cell context for protein stability studies, and
these were compared with HA-tagged ALT-Tg thymocytes.
Cycloheximide was added to the cells to stop de novo protein
synthesis, and then washed out (chase). Samples were taken at 0,
0.5, 1, and 2 h after chase, and protein levels were evaluated using
Western blots probed with anti-HA and anti-GAPDH. In BMK
cells, HEBAlt and HEBCan were expressed at comparable
amounts at t=0, but HEBAlt protein levels dropped more
Frontiers in Immunology | www.frontiersin.org 10125
precipitously than HEBCan levels, indicative of decreased
stability (Figure 7D). By contrast, HEBAlt protein appeared
more stable in thymocytes than in BMK cells (Figures 7F, G),
and the levels were statistically indistinguishable from HEBCan
in BMK cells after 2 hrs (Figure 7H). EEE showed only a minor
improvement in HEBAlt stability in BMK cells (Figures 7E, H),
suggesting that factors other than YYY phosphorylation were at
least partially responsible for this feature of HEBAlt biology.

Transgenic HEBAlt Protein is Reduced in
Non-Thymic Hematopoietic Cells
We have shown in previous studies that forced expression of
HEBAlt was inhibitory to the development of non-T cell
lineages in vitro (33). We therefore analyzed the proportions
of myeloid cells (CD11b+), B cells (CD19+), and the ratio of
immature (B220int CD19 int) to mature B cells (B220hi CD19hi)
in the bone marrow (Figure 8A). We found no significant
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FIGURE 5 | Generation and characterization of conditional HEBAlt-HA transgenic (ALT-Tg)_ mice. (A). An HA-tagged HEBAlt coding cassette was inserted into the
ROSA26 locus downstream of a loxP-Neo-stop-loxP cassette in ES cells, giving rise to mice carrying an inducible HEBAlt-HA transgene. These mice were bred to
Vav-iCre mice to generate WT (Vav-Cre-) and ALT-Tg (Vav-Cre+) littermates. (B–E). Phenotype of thymic developmental subsets in WT and ALT-Tg mice by flow
cytometry within total thymocytes (B, D) and and within DN cells (C, E). (F–H). Percentages of gd T cells within total thymocytes (F, H), and percentages of
immature (CD24+) and mature (CD24-) cells within the CD3+TCRgd+ populations (G, H).
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differences between the WT and ALT-Tg mice. Absolute
numbers of bone marrow cells and splenocytes were also
indistinguishable (Figure 8B). We also analyzed the
percentages of B cells, the ratios of T to B cells, and the ratios
of CD4 to CD8 T cells within the CD3+TCRb+ population in
the spleen. There was a slight decrease in the ratio of T cells to B
cells in the ALT-Tg spleen, but otherwise no major
perturbations were observed (Figures 8A, C). Given our
Frontiers in Immunology | www.frontiersin.org 11126
observation of differential HEBAlt protein stability in
transduced BMK cells versus ALT-Tg thymocytes, we next
analyzed the expression of the HEBAlt transgene in spleen
and bone marrow subsets from ALT-Tg mice. Thymocytes,
RBC-depleted bone marrow cells and splenocytes that had been
sorted to obtain T (CD3+), B (CD19+), and myeloid CD11b+
(myeloid)-enriched samples, and these samples were subjected
to Western blot analysis with anti-HA. Transgenic HA-tagged
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FIGURE 6 | Perturbation of the ISP to CD8 SP thymocyte ratio in ALT-Tg mice. (A) Flow cytometry plot showing the gates for CD4+ CD8- and CD4- CD8+ cells.
(B) Flow cytometry plots showing immature (CD24-hi TCRb-) and mature (CD24-low TCRb+) subsets in the CD8+ subset gated as in (A). (C) Flow cytometry plots
showing the percentages of TCRb+ CD3+ cells within the total thymocyte population. (D) Flow cytometry plot of the percentages of CD4 and CD8 cells within the
TCRb+ CD3+ CD24- population. (E) Flow cytometry plot of CD8+ TCRb+ CD24- cells passing through each stage of positive selection as assessed by sequential
downregulation of CD24 and CD69. (F) Flow cytometry plot of CD4+ TCRb+ CD24- cells passing through each stage of positive selection as assessed by sequential
downregulation of CD24 and CD69. (G) Quantification for replicates of the plots shown in (B). (H) Quantification for replicates of the plots shown in (C) and for the
percentages of CD24- cells within the TCRb+ CD3+ population, which are not shown as FACS plots. (I) Quantification for replicates of the plots shown in (D). (J)
Quantification for replicates of the plots shown in (E). (K) Quantification for replicates of the plots shown in (F). *P < 0.05, **P < 0.001.
August 2022 | Volume 13 | Article 848577

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Yoganathan et al. HEBAlt Regulated by YYY Motif
HEBAlt protein was expressed strongly in ALT-Tg thymocytes
but was undetectable in ALT-Tg bone marrow (Figure 8D).
Splenic B and T cells had similar levels of HEBAlt-HA protein
expression, whereas none was apparent in the myeloid fraction.
However, qRT-PCR showed that ALT-Tg cells had higher
Frontiers in Immunology | www.frontiersin.org 12127
overall levels of HEBAlt mRNA than their WT littermates in
all three tissues, confirming expression of the transgene at the
RNA level (Figure 8E). Interestingly, HEBAlt-HA protein
levels were much stronger in thymocytes than they were in
the splenic T or B cells. These results suggest that the thymus
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FIGURE 7 | Differential protein stability of HEBAlt in T cell and non-T cell contexts. (A) Levels of HEBAlt mRNA in sorted thymocyte subsets from WT and ALT-Tg
mice as assessed by qRT-PCR. (B) Levels of HEBAlt-HA transgene-derived protein in sorted thymocyte subsets from ALT-Tg mice as determined by Western blots
probed with anti-HA or anti-GAPDH as a loading control. (C) Levels of endogenous HEBAlt in sorted thymocyte subsets from WT mice as determined by Western
blot probed with anti-ALT specific antibodies or anti-GAPDH as a loading control. (D–F). BMK cells were transduced with constructs expressing HA-tagged (D)
HEBCan (CAN), HEBAlt (ALT) or (E) EEE expression vectors and examined for protein stability in parallel with ALT-Tg thymocytes (F). Cells were treated with DMSO
or 300 mg/mL cycloheximide (CHX) for 0, 0.5, 1, or 2 h. C, and protein was measured by Western blot detecting using anti-HA or anti-GAPDH as a loading control.
(G) Time course of quantified band densities (n = 3 independent experiments), relative to GAPDH at t=0 and normalized to untreated sample (t = 0). EEE is not
shown to enhance clarity of the plot. (H) Comparison of all samples at t = 2 hr of CHX treatment, including EEE. *P < 0.05, **P < 0.001, ***P < 0.0001, ns, non-
significant.
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provides a protective environment for HEBAlt stability, that
this protection fades in mature T cells, and that it is absent in
myeloid cells.

ALT-Tg Thymocytes Exhibit a Delay in T
Cell Development In Vitro
Considering these observations, we reasoned that the dynamics
of steady state T cell development might mask changes caused by
elevated levels of HEBAlt in thymocytes in the ALT-Tg mice. We
therefore sorted bone marrow Lin-Sca1+Kit+ (LSK) progenitors
from WT and ALT-Tg mice and placed them in OP9-DL4 co-
cultures (Figure 9A), which allowed us follow T cell
differentiation over time (Figures 9B, C). We found that ALT-
Tg cells were subject to developmental delays compared to their
Frontiers in Immunology | www.frontiersin.org 13128
WT counterparts, both at early and at later timepoints
(Figure 9C). No major changes in cellularity were noted
(Figure 9D), suggesting that these changes were not due to
defects in cell growth or survival. Instead, these results indicate
that disrupting the normal balance of HEBAlt in T cell
precursors partially inhibits T cell development.

Forced Expression of EEE Inhibits T Cell
Development at Multiple Stages
We next evaluated the impact of forced expression of the EEE
mutant on T cell development. WT bone marrow precursors
were transduced with MIGR1-based retroviral vectors encoding
HEBAlt (ALT), EEE, or empty vector. GFP+ LSK cells were
sorted and placed in OP9-DL4 cell co-cultures for varying
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A

FIGURE 8 | Loss of HEBAlt protein stability in immune cell subsets outside the thymus. A-C. (A) Phenotype, (B) cell numbers, and (C) frequencies or ratios of T cell,
B cell, and myeloid subsets in bone marrow and spleen of WT (light blue) and ALT-Tg (dark blue) mice. The bone marrow B220/CD19 plot is gated on CD19+ cells,
and the spleen CD4/CD8 plot is gated on CD3+ cells. (D) Western blot analysis of transgene-derived HEBAlt-HA protein as detected by anti-HA in WT or ALT-Tg
bone marrow, thymocytes, or sorted splenic T (CD3), B (CD19), and myeloid (CD11b) cells. GAPDH is shown as a loading control. The star pinpoints a band that is
present in the ALT-Tg splenic T and B cells but not in the WT cells or myeloid cells. (E) Expression of total HEBAlt levels in thymus, bone marrow, and splenic T, B,
and myeloid cells from WT and ALT-Tg mice, as analyzed by qRT-PCR and normalized to GAPDH, showing that there are higher levels of HEBAlt mRNA in these
populations than in WT mice, despite the paucity of transgene-derived HEBAlt protein. *P < 0.05, ***P < 0.0001.
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amounts of time (Figure 9E). Interestingly, progression of ALT-
transduced cells from the DN2 to DN3 stages was similar to that
seen in WT cultures, whereas the EEE cells exhibited a strong
block at this transition (Figure 9F). However, both ALT and EEE
cultures exhibited a partial block in the DN3 to DN4 transition
and failed to progress to the DP stage. Therefore, dysregulation
of HEBAlt expression and/or activity can interfere with T
cell development.

HEBAlt Is Present in Complexes
Containing STAT1 in ALT-Tg Thymocytes
We next set out to determine whether the HEBAlt-HA protein
was tyrosine phosphorylated in ALT-Tg thymocytes
Frontiers in Immunology | www.frontiersin.org 14129
(Figure 10). Unfractionated thymocytes from ALT-Tg or
WT littermates were isolated and subjected to co-IP with
anti-HA antibodies, followed by Western blot analysis of
tyrosine phosphorylation (Figure 10A). These results clearly
showed that transgene-derived HEBAlt can be tyrosine
phosphorylated in ex vivo thymocytes from ALT-Tg mice.
To identify putative protein partners of HEBAlt in this
context, we subjected WT and ALT-Tg thymocytes to IP
using anti-HA antibodies. Two independent experiments
were performed, each of which contained biological
duplicates (Figure 10B). The IP fractions were subjected to
trypsin-mediated digestion, followed by mass spectrometry
sequencing. The data was analyzed using Scaffold5, with a cut-
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FIGURE 9 | Unrestrained activity of HEBAlt inhibits progress through T cell development. (A) Diagram of experimental procedure using precursors from ALT-Tg
mice. (B) Flow cytometry analysis of progression through T cell development by bone marrow-derived LSKs from ALT-Tg mice co-cultured on OP9-DL4 cells. Gates
are shown to the left of each plot. (C) Quantification of the populations defined by flow cytometry in (C). (D) Fold expansion of cells after 8 or 14 days of OP9-DL4
co-culture. (E) Diagram of experimental procedure using precursors from WT mice transduced with retroviral vectors encoding GFP (vector only), ALT, or EEE. (F)
Flow cytometry analysis of T cell development. Gates are the same as shown in (B). **P < 0.001, ***P < 0.0001, ns, not significant.
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off of 95% protein identity and 95% peptide identity. Spectra
represented in the littermate controls were used to screen out
background hits. Twenty-two proteins represented by at least
one spectrum all four replicates were identified (Figure 10C).
HEBAlt was represented in all four samples for a total of 10
spectra but was not found at all in the negative control
samples, consistent with IP-mediated enrichment of
HEBAlt-HA. The two most enriched proteins were STAT1,
a transcription factor that is phosphorylated and activated by
JAK, and Xpo1, which is involved in nuclear export. These
results suggest that HEBAlt, like STAT1, can be shuttled
between the nucleus and the cytoplasm by Xpo1 (44) in
response to cytokine signaling, and that HEBAlt and STAT1
may be coordinately regulated.
DISCUSSION

E proteins are essential regulators of T cell development, but
the relative roles of HEB and E2A are not well understood.
Here, our studies revealed that HEBAlt functions as a hub for
integrating cytokine signaling and E protein activity in a
Frontiers in Immunology | www.frontiersin.org 15130
restricted cellular context. This restriction occurs at multiple
levels, including mRNA expression, protein stability, and
post-translational modifications. Breeching these controls by
extending HEBAlt expression past the point at which it is
normally turned off, or by bypassing the need for signal-
dependent phosphorylation, impeded T cell development,
exposing a need for strict control of HEBAlt function.
Moreover, our results revealed that the unique YYY
motif in the Alt domain provides a mechanism for sensing
changes in extracellular cues and may provide an axis for
the coordinated regulation of E proteins with other JAK-
responsive factors, such as STATs. Thus, the downregulation
of HEBAlt at the DN to DP transition may be necessary
to remove a mode of E protein activity that is beneficial to
early T cell precursors but harmful to later stages of
thymocyte development.

HEB proteins are essential to inhibit the development of ILCs
even in the presence of Notch ligands (10, 45). Since ILCs require
IL-7R signaling, it may be that elevating HEBAlt activity would
aid in restricting IL-7R expressing precursors from adopting an
ILC fate. This would be especially important at the DN2 stage,
when most cells express cell surface IL-7R. By contrast, DN3 cells
B
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A

FIGURE 10 | Identification of potential proteins in HEB-containing complexes in ALT-Tg thymocytes. (A) Western blot of thymocyte lysates from two ALT-tg mice
and one WT littermate immunoprecipitated with anti-HA and probed with anti-phosphotyrosine. The yellow arrow indicates the bands of ~70 kD, corresponding to
the size of HEBAlt, that are present in both ALT-Tg samples but not in the WT sample. (B) Diagram of experimental design and protocol. (C) Identities, molecular
weights, and numbers of spectra detected across four replicates for all proteins identified as potential HEBAlt complex partners by the criteria shown in (B).
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are more heterogeneous with respect to levels of IL-7R
expression (46). In the adult thymus, a gradient of IL-7 exists
that is highest near the corticomedullary junction and lowest
near the subcapsular zone (SCZ), where b-selection takes place
(47, 48). Therefore, decreasing HEBAlt activity may function to
allow b-selection once DN3 cells as they move into the outer
cortex where concentrations of IL-7 are low. This would be
consistent with the observation that HEB protein is degraded in
thymocytes undergoing leukemic transformation, resulting in a
decrease in Cdkn1a expression and dysregulated proliferation, in
both mice and humans (49).

A connection between E proteins, JAK, and Suppressor of
Cytokine Signaling (SOCS) has been previously proposed, in
which JAK activate STATs to provide a positive input into E2A
activity (50). E2A then upregulates SOCS to inhibit cytokine
receptor signaling. We propose that HEBAlt provides the
missing link between JAK and E protein activity in early T cell
precursors. It remains to be seen whether HEBAlt is directly
involved in the regulation of SOCS function. Loss of IL-7R
signaling may also be required to silence expression of TCRg
regulatory elements that are activated by STATs (51, 52).
Therefore, residual HEBAlt function after b-selection may help
to enforce the ab T cell fate.

Our complimentary approaches using co-cultures and mouse
models allowed us to analyze a single wave of T cell development
in vitro and to monitor T cell development at steady state in vivo.
Progenitors from ALT-Tg mice in OP9-DL4 co-cultures showed a
much stronger defect in T cell development than we observed in
vivo, akin to what has been previously observed for HEB-deficient
and TCF1-deficient mice (21, 53). Given our findings, this may be
due in part to the movement of progenitors through different
niches in the intact thymus, resulting in modulation of IL-7
availability and regulation of signaling environments that
contribute to HEB protein stability (49). In ALT-Tg mice, the
mild differences observed in the ISP and CD8 SP subsets were not
reflected in the subsets representing progress through positive
selection in a background with a polyclonal TCR repertoire.
Additional studies of ALT-Tg on backgrounds with fixed TCR
transgenes would be helpful in further examining the impact of
inappropriate HEBAlt expression on thymocyte maturation.

The modulation of HEBAlt protein stability in different
cellular contexts was remarkable. First, we observed that
HEBAlt protein persists across the b-selection checkpoint into
the ISP stage after its mRNA expression was extinguished. Many
studies have described signal-dependent inhibition of E protein
activity or stability. These signaling pathways include AKT,
casein kinase II, Notch1, MAPK, and calmodulin (54–56, 57).
However, it has also been shown that TCF1 protects HEB from
degradation in DP thymocytes (58). Therefore, interaction with
TCF1 may be one mechanism by which HEBAlt protein could be
stabilized after its mRNA expression ceases. This would be
consistent with our observation that HEBAlt expressed in the
thymocytes of ALT-Tg mice are more stable than those in
BMK cells.

Secondly, our results showed that HEBAlt protein was
undetectable in non-lymphoid cells in the bone marrow and
Frontiers in Immunology | www.frontiersin.org 16131
spleens of ALT-Tg mice, despite strong expression of HEBAlt
mRNA. This could be due to fact that myeloid cells express high
Id2 levels. Id2 undergoes proteasome-mediated degradation
(59), and therefore could destabilize associated E proteins.
Thus, our transgenic approach revealed another layer of
regulation that could inhibit the induction of E protein target
genes outside the lymphoid context. We also observed that
thymocytes from ALT-Tg mice had much stronger expression
of HEBAlt protein than peripheral T and B cells. Therefore, it is
likely that a combination of positive and negative inputs
regulates HEB stability in different cellular contexts.
Moreover, our results indicate that HEBAlt can provide a
unique input to the signals that converge on E protein
function to control protein stability and activity.

Taken together, we have defined a new mode of E protein
control that links cytokine signaling to E protein activity, and
which may be essential for the gatekeeping function exhibited by
E2A and HEB prior to b-selection. Additional studies will be
needed to determine whether YYY phosphorylated HEBAlt
binds to the same gatekeeping target genes as HEBCan and
E2A, or whether it imposes another type of control by interaction
with distinct protein partners downstream of IL-7R such as
STATs or PI3K-responsive transcription factors.
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Inhibitor of DNA binding
proteins revealed as
orchestrators of steady
state, stress and malignant
hematopoiesis

Shweta Singh1†, Tanmoy Sarkar1†, Brad Jakubison1,2,
Stephen Gadomski1, Andrew Spradlin1,
Kristbjorn O. Gudmundsson1,2 and Jonathan R. Keller1,2*

1Mouse Cancer Genetics Program, Center for Cancer Research, National Cancer Institute (NCI)-
Frederick, Frederick, MD, United States, 2Basic Science Program, Frederick National Laboratory for
Cancer Research, Frederick, MD, United States
Adult mammalian hematopoiesis is a dynamic cellular process that provides a

continuous supply of myeloid, lymphoid, erythroid/megakaryocyte cells for host

survival. This process is sustained by regulating hematopoietic stem cells (HSCs)

quiescence, proliferation and activation under homeostasis and stress, and

regulating the proliferation and differentiation of downstream multipotent

progenitor (MPP) and more committed progenitor cells. Inhibitor of DNA

binding (ID) proteins are small helix-loop-helix (HLH) proteins that lack a basic

(b) DNA binding domain present in other family members, and function as

dominant-negative regulators of other bHLH proteins (E proteins) by inhibiting

their transcriptional activity. ID proteins are required for normal T cell, B cell, NK

and innate lymphoid cells, dendritic cell, and myeloid cell differentiation and

development. However, recent evidence suggests that ID proteins are important

regulators of normal and leukemic hematopoietic stem and progenitor cells

(HSPCs). This chapter will review our current understanding of the function of ID

proteins in HSPC development and highlight future areas of scientific investigation.

KEYWORDS

ID proteins, hematopoiesis, stem cells, quiescence, stress
Introduction

Hematopoiesis is sustained by a limited number of hematopoietic stem cells (HSCs)

that reside in a quiescent state protected from proliferation-induced damage and

exhaustion (1, 2). HSCs proliferate and differentiate to give rise to multipotent

progenitor (MPP) cells with limited self-renewal potential that give rise to more
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restricted progenitor cells to maintain normal numbers of

differentiated blood cells (3, 4). Recent evidence suggests that

HSCs have a limited number of self-renewing divisions

indicating that HSC quiescence and proliferation is a tightly

regulated process that protects the host from HSC exhaustion

and hematopoietic failure (5, 6). While HSCs are one of the best

characterized vertebrate stem cells, a significant effort is still

focused on understanding the molecular and cellular

mechanisms that regulate HSC quiescence, self-renewal and

differentiation to 1) improve methods to expand adult HSCs

and their differentiated progeny for bone marrow

transplantation (BMT) and cell therapies, 2) identify molecular

pathways that direct adult HSC development and expansion

from pluripotential stem cells, 3) improve gene editing

technology in hematopoietic stem and progenitor cells

(HSPCs), and 4) develop new methods to detect, prevent and

treat hematologic malignancies.

Inhibitor of DNA binding proteins (ID1-4) are members of

the helix-loop-helix (HLH) family of proteins that regulate cell

proliferation and differentiation (7–10). ID proteins function as

dominant negative regulators of other HLH proteins (E

proteins) by inhibiting their DNA binding and transcriptional

activity, which is essential for the differentiation and

proliferation of normal tissues including muscle, nerve,

lymphoid, and embryonic stem cells (11–14). ID proteins also

inhibit the transcriptional activity of erythroblast transformation

specific (ETS), retinoblastoma (RB), and paired box proteins

(PAX) proteins, which affect cell growth and differentiation (15–

17). ID proteins are critical transcriptional regulators of

hematopoietic cell differentiation, and are required for the

proper development of T cells, B cells, dendritic and NK and

innate lymphoid cells (13, 14, 18–23). ID proteins have emerged

as critical regulators of HSPC quiescence, proliferation and

differentiation under homeostasis, inflammatory and genotoxic

stress, and aging. These findings suggest that ID proteins could

have therapeutic potential to treat myeloid proliferative

neoplasia’s (MPN), myelodysplastic syndromes (MDS), and

clonal hematopoiesis. Therefore, this prospective will review

data related to the function of Id genes in regulating normal

HSPC quiescence and differentiation, and their roles in

hematopoietic stress and hematologic malignancies.
Id gene expression in
hematopoietic cells

Id gene expression in hematopoietic cells was first reported

in the murine erythroleukemia cell line, MEL cells, and its

expression was shown to decrease during erythroid

differentiation (11, 24–26). Subsequently, Id1 was detected in
Frontiers in Immunology 02
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an interleukin-3 (IL-3) dependent myeloid progenitor cell line,

32Dcl3 cells, which can be induced to differentiate into

neutrophils when cultured in media containing granulocyte-

colony stimulating factor (G-CSF) (27). The expression of Id1

decreased during G-CSF-induced differentiation of 32Dcl3 cells,

while the binding of bHLH proteins to a canonical E-box motif

increased. Furthermore, enforced expression of Id1 blocked G-

CSF-induced differentiation of 32Dcl3 cells. Taken together,

these results suggested that ID1 may function during myeloid

cell differentiation by disrupting bHLH protein function, the

canonical target of ID proteins. Subsequent studies

demonstrated that IL-3 and other myeloid growth factors (G-

CSF and granulocyte/macrophage CSF, GM-CSF) induce Id1

expression and cell proliferation in other IL-3-dependent

progenitor cell lines including NFS-60 and FDC-P1 cells, while

Id2 expression increases upon withdrawal of IL-3 and cell cycle

arrest or differentiation (28–30). The HSC/MPP-like stem cell

factor (SCF) -dependent progenitor cell line, EML cells, express

ID2 but not ID1, while more committed IL-3-dependent

progenitors cell lines derived from EML cells express ID1 but

not ID2, suggesting ID2 may function in more primitive

hematopoietic progenitor cells. Taken together, these studies

demonstrated that ID1 is correlated with increased proliferation/

growth and decreased differentiation of hematopoietic

progenitor cell (HPC) lines, which is consistent with results

from previous studies in other tissues suggesting that ID1

promotes cell proliferation and inhibits cellular differentiation

(7, 9, 10, 31, 32). In addition, these studies suggest that ID2 may

have functions distinct from ID1 in HSPCs.

Id1 gene expression was increased in normal murine

progenitor cells during the early proliferative phase of colony

formation in soft agar assays stimulated by myeloid growth

factors (IL-3/SCF/IL-1/erythropoietin, EPO), while Id2 was

induced to a lesser extent and no effect on Id3 or Id4

expression was observed in these assays (29). In comparison,

Id2 levels were increased and Id1 levels decreased in cells from

colonies that contained differentiated progeny after 7-10 days.

Thus, Id1 is expressed in normal proliferating HPCs, while Id2

expression increases and Id1 levels decrease as cells exit the cell

cycle and differentiate into myeloid cells. Subsequent studies

confirmed that myeloid hematopoietic growth factors (HGFs)

(SCF, IL-3 and GM-CSF) but not lymphoid HGFs (IL-7) and

erythroid/megakaryocyte HGFs (EPO/thrombopoietin, TPO)

induce Id1 expression in purified lineage-negative, Lin-/Sca-1

+/c-Kit+ (LSK) BMCs that are enriched for HSCs/MPPs,

suggesting that Id1 may be required for myeloid development,

but not lymphoid or erythroid development (33, 34). Analysis of

Id gene expression in purified HSPC populations showed low

levels of Id1 expression in LSK cells and clonogenic lymphoid

progenitors (CLPs), while Id1 expression was increased in
frontiersin.org
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common myeloid progenitors (CMP), and further increased in

more differentiated granulocyte/macrophage progenitors

(GMPs), but not in megakaryocyte/erythroid progenitors

(MEP), indicating a potential role for Id1 in myeloid cell

development (Figure 1) (33–35). Subsequent analysis of

purified HSCs demonstrated that roughly 5-10% of normal

HSCs defined as LSK/Flk2-/CD150+/CD48- express Id1 during

steady state hematopoiesis, and that myeloid HGFs induce Id1 in

HSCs (36, 37). While the expression of Id1 increases in

committed myeloid progenitor cells (CMP and GMP), the

expression of Id1 decreases during the final stages of

neutrophil maturation. Specifically, FACS purified normal

neutrophils express low levels of ID1 protein compared to Lin-

cells that are comprised of LSK cells and more committed Lin-/

cKit+/Sca-1- (LK) progenitor cells that include CMPs/GMPs

(33). ID1 expression decreases during G-CSF- and GM-CSF-

induced neutrophil differentiation of myeloid progenitor cell

lines, 32Dcl3 and MPRO, respectively (27, 33). In contrast,

mature neutrophils in Id1EGFP reporter mice show high levels

of ID1/EGFP expression compared to CMP’s and GMP’s,

suggesting that neutrophils express high levels of ID1 (34, 36).

However, EGFP might not accurately reflect ID1 protein levels

in neutrophils since ID proteins are rapidly degraded and the

stability of EGFP and Id1 may differ significantly in these

terminally differentiated cells. Future studies are needed to
Frontiers in Immunology 03
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define the precise expression and function of ID1 and other

ID genes in maturing neutrophils and macrophages.

ID2 expression is 3-fold higher than ID1 and 6.5-fold higher

than ID3 in purified human cord blood (CB) HSCs suggesting

that human HSCs express high levels of ID2 (38). Little or no

expression of ID1 was detected in purified CD34+38- human

bone marrow HSPCs, but was induced by myeloid HGFs

including GM-CSF/IL-3, but not SCF/EPO (erythroid) and

SCF/TPO (megakaryocytes) HGFs (39). Thus, ID1 is expressed

at low levels in human HSPCs and is induced by myeloid HGFs,

and is consistent with results obtained with murine bone

marrow cells (BMCs). Similarly, ID1 protein expression is

induced during the early proliferative phase of normal human

neutrophil/eosinophil differentiation in culture; after which, ID1

expression rapidly declines, while ID2 steadily increases (40).

Furthermore, gain and loss of function studies showed that ID2

expression promotes eosinophil/neutrophil differentiation, and

ID1 expression promotes neutrophil differentiation of human

CD34+ progenitor cells in vitro and in vivo (40). Collectively,

these results demonstrate that ID1 functions during the early

proliferative stages of myeloid development, while ID2 may be

required for the final stages of myeloid cell development. Further

studies are needed to more precisely define, 1) the cell-specific

and temporal expression of Id1 and Id2, 2) how Id1 and Id2 gene

expression is regulated, and 3) their molecular mechanism(s) of
FIGURE 1

Summary of Id gene expression in hematopoietic stem and progenitor cells. Levels of Id gene expression are shown for hematopoietic stem
cells (HSCs), multipotent progenitor (MPP) cells, clonogenic lymphoid progenitors (CLPs), common myeloid progenitors (CMPs), granulocyte/
macrophage progenitors (GMPs) and megakaryocyte/erythroid progenitor cells. Photomicrographs of BMCs harvested from mice three days
after the administration of 5-FU, transduced with control and Id1 expressing retroviral vectors and cultured in methycellulose for 7-10 days
(colony formation assay).
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action during myeloid cell differentiation in normal human and

murine cells.
Insights into Id gene function in
hematopoietic stem and progenitor
cells through the lens of
enforced expression

Initial studies to define the physiological function of Id genes

in hematopoietic cells in vivo demonstrated that transgenic mice

overexpressing Id1 or Id2 during T cell differentiation manifest a

severe block in T cell development (Figure 1) (41, 42). Similarly,

transgenic mice that overexpress Id1 during B cell differentiation

show impaired B cell development (43). These studies are

consistent with the strict requirement for E2A homodimers in

B cell development and E2A homo and heterodimers in T cell

development, and the dominant negative regulation of E protein

function by ID proteins (20, 44).

To study Id gene function in HSPCs, Id genes were

overexpressed in normal murine HSPCs using retroviral

vectors and analyzed for growth and differentiation in vitro

(33). Enforced expression of Id1 in HSPCs resulted in a

significant increase in the size and number of colonies in soft

agar in the presence of SCF, IL-3 and GM-CSF (Figure 1) (39).

Furthermore, these colonies contained increased numbers of

primitive and differentiating myeloid cells, suggesting that Id1

promotes myeloid cell hyperplasia without blocking

differentiation in vitro. However, immortalized hematopoietic

progenitor cell (HPC) lines that escape normal senescence and

differentiation could be readily derived from BMCs

overexpressing Id1 in liquid culture containing SCF (39). The

HPC l i n e s r e s emb l ed CMP- l i k e p rog en i t o r s b y

immunophenotype and lineage specific gene expression, and

continued to divide in SCF; however, these cells were not

arrested in differentiation and retained the ability to

differentiate in response to G-CSF and GM-CSF in vitro. In

other studies, overexpression of Id1 in purified LSK cells

inhibited B cell development and promoted myeloid/dendritic

cell development in cultures supplemented with SCF/FLT3/IL-7

(34). Furthermore, LSK/Flk2- and lymphoid-primed

multipotent progenitor (LMPP) cells isolated from mice that

overexpress a dominant form of E protein (ET2) that prevents

ID protein binding, showed increased B cell, and reduced

myeloid cell development when cultured in vitro. Collectively

these studies demonstrate that Id1 promotes the proliferation of

murine HSPCs and myeloid development, while inhibiting

lymphoid development in vitro.

Id1-overexpressing HSPCs showed increased myeloid and

decreased B cell repopulation potential when transplanted into

g-irradiated (IR) recipients in vivo (Figure 1) (33, 39). In

addition, thymocyte repopulation was inhibited during the
Frontiers in Immunology 04
137
early stages of T cell development after transplantation;

however, no effect on T cell repopulation was observed in

PBCs 4-6 months after BMT. A comparison of Id1/EGFP

expression in repopulating T cells and myeloid cells in the

same mouse by flow cytometry showed a significant reduction

in Id1/EGFP expression in T cells compared to myeloid cells.

Thus, it was reasoned that T cells expressing high levels of Id1 do

not repopulate, while low levels of Id1 expression are permissive

for T cell development in vivo, and account for the recovered T

cell development over time. Historically, murine BMCs cultured

in HGFs cocktails that included IL-3 to promote HSC cycling

and increase retroviral vector transduction, show significantly

reduced lymphoid repopulation when transplanted in vivo. It is

tempting to speculate that inhibition of lymphoid cell

repopulation in these BMT experiments was due to the

induction of Id1 by IL-3. In this regard, HGFs that promote

Id1 expression and inhibit lymphoid development of HSCs

should be avoided in HSC expansion media. Finally, mice

transplanted with Id1-overexpressing HSPCs become

moribund within a year after transplantation and develop a

myeloid proliferative neoplasia (MPN) including 1) increased

myeloid blasts in BM, 2) splenomegaly and extramedullary

hematopoiesis (myeloid and erythroid), and 3) myeloid cell

infiltration in liver, which does not progress to acute myeloid

leukemia (AML) (39). Collectively, enforced expression of Id1

regulates HSPC fate by promoting myeloid and inhibiting

lymphoid development in vitro and in vivo, and Id1 can

promote HSPC proliferation and immortalize HSPCs in vitro,

and promote a myeloproliferative disease in vivo.

HPC lines were also derived from murine BMCs transduced

with lentiviral vectors expressing inducible Id2 (Id2-HPCs),

which were established in conditions that support primitive B

cell growth including SCF, FLT-3 and IL-7 on S17 stromal cells

(45). The Id2-HPC lines express c-Kit, CD43 and low levels of

B220, but lack the expression of other cell surface markers

expressed on more mature myeloid and lymphoid lineage cells.

Id2-HPC lines are multipotential and differentiate into myeloid

cells in the presence of IL-3, GM-CSF, andM-CSF in vitro and in

vivo, under conditions that maintain Id2 expression. Id2-HPCs

differentiate into lymphoid cells (B cell and T cell) upon

withdrawal of ID2 in vitro and in vivo consistent with the

ability of ID2 to inhibit E protein function. The lymphoid

potential of the Id2-HPC lines was lost with cell passaging

suggesting that the Id2-HPC lines may undergo further

myeloid differentiation and commitment in vitro. It is possible

that the Id2-HPC lines that have lost lymphoid potential may

resemble the SCF-dependent CMP-like HPC lines that

overexpress Id1 (39). The Id2-HPC line transcriptome

resembles the transcriptome of the previously described E2a-/-

multipotential cell lines (pre-pro-B cells) that were established in

SCF, FLT-3, IL-7 and stromal cells (45), which is consistent with

the ability of ID2 to inhibit the function of E2A and prevent

lymphoid development. In comparison, over expression of Id2 in
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human cord blood CD34+ HSPCs resulted in expansion of

CD34+/CD38-/CD90+/CD45RA- HSCs, and a skewing toward

myeloid (CMP/MEP) versus lymphoid (B/NK/GMP) by

immunophenotype analysis in vitro, and reduced lymphoid

development when transplanted into NSG mice (38). HSPCs

isolated from NSG mice transplanted with ID2-overexpressing

CB-HSPCs show increased expression of stem cell genes and

genes expressed in primitive myeloid differentiation programs,

and decreased expression of B cell factors, EBF1 and FOXO1,

which are E2A target genes (46). ID2-mediated expansion of

HSCs was rescued by overexpressing E2A in vitro, and

overexpression of E2A promoted lymphoid development in

vivo. Knock down of the E2A target gene, EBF1, which is

required for lymphoid development, resulted in an increase in

HSC numbers. These results suggested that ID2 expands or

maintains HSC numbers by inhibiting lymphoid lineage

priming, which leads to a reduction in HSC numbers (38).

Taken together, overexpression of ID2 expands HSCs and

restrains B cell development in human HSPCs. These studies

suggest that ID2 may function to regulate human and mouse

HSCs function in vivo.

Hematopoietic progenitor cell lines were also established by

overexpressing Id3 in fetal liver cells and BMC cultures

containing SCF, FLT-3, IL-7, and stromal cells, and resemble

pre-pro B cells (Id3-HPC lines) (47). Id3-HPC lines are

multipotential and retain myeloid, B cell and T cell potential

in vitro and in vivo. The lymphoid potential of Id3-HPC lines

was induced by down regulation of Id3 expression in developing

B cells in vivo, supporting previous studies that high levels of Id3

impair B and T cell development (48–51). Secondary

transplantation of BMCs from primary BMT recipients that

received Id3-HPCs showed residual myeloid reconstitution, but

no lymphoid reconstitution suggesting that Id3-HPCs are not

HSC/MPP-like cells (47). Id3-HPC lines could not be established

from human CB HSPCs; however, Id3 overexpressing CB

HSPCs cells showed enhanced proliferation in vitro and

limited repopulation potential in NSG mice. Additional

experiments are required to further understand the

mechanism(s) of Id3-mediated immortalization in murine and

human HSPCs compared to Id1 and Id2 immortalization.
Hematopoietic phenotypes in
mouse models of Id gene loss
of function

Conventional Id1-/- mice

The first Id1- deficient (Id1-/-) mouse model was generated

by gene targeting, which replaced the first exon and part of the

promoter of Id1 with a neomycin resistance gene cassette.

Conventional Id1-/- mice were born at normal mendelian
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frequencies, were fertile and showed normal lifespan with no

overt abnormalities (52). No significant difference in the number

of mature hematopoietic cells was reported in PBCs, BMCs and

spleen cells of Id1-/- mice, suggesting that Id1 is not required for

normal hematopoietic development. However, a more detailed

analysis of these mice revealed that Id1-/- mice have impaired

hematopoietic development including 1) increased myeloid cells

and decreased lymphoid cells in PBCs, 2) decreased BM

cellularity, 3) decreased numbers of LSK cells, 4) decreased

numbers of LSK/CD34-/Flk2- cells enriched for HSCs, 5)

increased cycling of LSK cells, and 6) increased proliferation

and differentiation of LSK cells in vitro (35). No difference in the

repopulation potential of Id1-/- and Id1+/+ BMCs was observed

in primary BMT recipients; however, Id1-/- BMCs showed

impaired secondary repopulation ability albeit with low

statistical significance, suggesting that Id1-/- HSCs have a

defect in self-renewal. Collectively, these investigators

concluded that Id1-/- HSCs show increased cycling and

increased myeloid commitment, which resulted in decreased

HSC self-renewal in secondary BMT recipients, suggesting that

Id1 is required to maintain HSCs.

A second Id1-/- mouse model was generated by inserting the

EGFP coding sequence downstream of the Id1 transcriptional

start site, which results in an Id1 null allele (Id1EGFP/EGFP) (37).

In comparison to the Jankovic et al. Id1-/- mouse model

described above, the hematopoietic phenotypes observed in

Id1EGFP/EGFP mice included decreased numbers of HSCs (LSK/

CD150+/CD48-); however, this report showed no effect on the

cycling of HSC enriched populations, no difference in the

development of mature lymphoid and myeloid cell

populations in BMCs or PBCs. Id1EGFP/EGFP mice showed no

difference in repopulation in primary BMT recipients, but

reduced secondary repopulation potential suggesting that Id1

was required for HSC development and maintenance. However,

it should be noted that the secondary BMT was performed 16

days after primary BMT, which is a significant deviation from

the typical secondary BMT protocol, which is usually performed

10-16 weeks after primary BMT, when hematopoiesis resembles

more steady-state conditions (37). Therefore, it is difficult to

conclude from these studies if Id1 is required for HSC

self-renewal.

A third study also analyzed hematopoietic development in

the Id1-/-mouse model used in the Jankovic et al. study discussed

above (35) and confirmed that 1) myeloid cells were increased

and lymphoid cells decreased in BMCs and PBCs, 2) BM

cellularity was decreased, and 3) LSK cycling was increased

(53). This study showed no difference in the number of HSC-

enriched cells (LSK/CD34- cells) and HSC function in vivo;

however, the two studies used different cell surface antigens to

immunophenotype the HSCs, which could explain the

differences in HSC numbers. Finally, the two studies agreed

and showed no difference in HSC repopulation potential in

primary BMT recipient mice and differed in serial repopulation
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potential leaving open the question whether Id1 functions in

HSC self-renewal.

Based on the known function of Id1 in other cellular

contexts, it might be predicted that loss of Id1 would lead to

reduced cell cycling and increased B cell development in the

hematopoietic compartment of Id1-/- mice. However, Id1-/- mice

show the opposite hematopoietic phenotypes including

increased LSK cycling and proliferation, and decreased B cell

development (35, 53). Since Id1 expression is ablated in all cells

in conventional Id1-/- mice, and Id genes are widely expressed in

other tissues including endothelial cells (ECs) and skeletal stem

cells (SSCs) and their progeny, which are cellular constituents of

the hematopoietic microenvironment (HME) (8, 54–57), it is

possible that loss of Id1 function in the HME could contribute to

the hematopoietic phenotypes observed in conventional Id1-/-.

Therefore, in the third study, Id1+/+ and Id1-/- BMCs were

transplanted into g-IR Id1-/- or Id1+/+ recipient mice and

monitored for hematopoietic development (53). Id1+/+ BMCs

transplanted into Id1-/- recipients showed impaired

hematopoietic development similar to the hematopoietic

phenotypes observed in the conventional Id1-/- mice including

decreased BM cellularity, increased myeloid and decreased

erythroid development. Importantly, Id1-/- BMCs showed

normal hematopoietic development when transplanted into

Id1+/+ recipient mice. These results were confirmed in a recent

study using a mouse model that lacked Id1 and Id3 expression in

the HME, since HME phenotype was less severe in mice on a

pure C57BL/6 background and Id3 can compensate for loss of

Id1 in some models (58). Transplantation of normal BMCs into

g-IR Id1-/-;Id3-/- recipient mice showed a significant decrease in

BM cellularity, decreased B cell development, increased HSC

cycling and decreased HSC numbers (56). Finally, Id1-/- stromal

cells show altered cytokine production in vitro, and cytokine

levels were deregulated in conventional Id1-/- mice in vivo.

Collectively, these results demonstrated that Id1 is required for

the proper function of the HME, and that the hematopoietic

phenotypes observed in conventional Id1-/- mice could, in part,

be explained by the loss of Id1 function in the HME.
Conditional loss of Id1 in
endothelial cells

Endothelial cells are critical cellular components of the HME

and are required to maintain steady state hematopoiesis (59–63).

SECs are critical cellular components of the HME and are

required to maintain steady state hematopoiesis, in part,

through angiocrine signaling (64, 65). Lineage tracing studies

using vascular endothelial cadherin (VE-Cad) transgenic mice

Cdh5(PAC)-CreERT2 bred to Rosa26-mT/mG mice showed that

transition endothelial vessels (H vessels), proliferate to

regenerate diaphyseal sinusoidal ECs (SECs) within forty days

under homeostasis (66). Recent evidence suggest that Id genes
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promote EC proliferation and vessel regeneration under stress

(67–69); thus, it was hypothesized that Id genes may be required

for proper HME function by maintaining ECs under steady state

conditions and stress (56). Therefore, Cdh5(PAC)-CreERT2mice

were bred to Id1F/F;Id3-/- mice to specifically ablate Id1 and Id3

expression in ECs, since Id1 and Id3 are required for proper

HME in mice on a pure C57/BL6 background. Loss of sinusoidal

integrity was observed in Id1-/-; Id3-/- mice characterized by

dilated, leaky, and apoptotic BM SECs that increased in severity

over time (56). The proliferation of Id1-/-; Id3-/- SECs, and

transition endothelial vessels was significantly reduced in vitro

and in vivo, leading to impaired vascular integrity under steady

state conditions, which was more severe following acute stress.

The disruption in sinusoidal integrity and neovascularization in

Id1-/-;Id3-/- mice led to a progressive decline in hematopoiesis,

marked by increased HSC activation, proliferation,

differentiation, migration, and exhaustion. Thus, Id1 and Id3

are required for the survival and steady state regeneration of BM

SECs, which provide a supportive niche for HSC quiescence and

survival. Future studies are needed to examine if Id genes

regulate other cells in the HME including subtypes of SSCs

(Leptin-cre+, Nestin-ER-cre+, and NG2-cre+), which

functionally support hematopoiesis, and their downstream

progeny including osteoblasts and chondrocytes (60, 63, 70).

Future studies are needed to examine Id gene function in the

neural niche, since nerve fibers such as adrenergic and

cholinergic nerves are instructive for hematopoietic

mobilization and quiescence respectively.
Conventional Id3-/- mice

Id3-/- mice are born at normal mendelian frequencies, are

fertile, and young mice show no overt phenotypes. Id3-/- mice

have normal numbers of developing B cells, but show impaired

humoral immunity, B-cell proliferation, and develop a unique

autoimmune disease, Sjogren’s syndrome, and gd-T cell

hyperplasia with age (49, 50, 71, 72). In addition, Id3-/- mice

show severely impaired positive and negative thymocyte

selection (50). Transplantation of Id3-/- BMCs into g-IR mice

show normal myeloid and B cell repopulation, but impaired T

cell repopulation in secondary recipient mice, suggesting that

Id3-/- is not required for HSC maintenance (37). However,

further studies are needed to examine if Id3 is required for

HSC self-renewal in serial BMT assays separated by 10-12 weeks

(37). In other studies, no difference in donor B cells, T cells,

neutrophils, HSCs and MPP repopulation were observed in mice

12 weeks after competitive BMT of Id1-/-Id3-/- BMCs compared

to controls, confirming that Id3 is not required for HSC

repopulation of primary BMT recipient mice; however, HSC

self-renewal was not evaluated in these assays (56). Therefore,

additional studies are needed to examine the requirement of Id3

in HSC development.
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Conventional Id2-/- mice

The majority of conventional Id2-/- mice show perinatal

lethality and are born at less than ten percent of the normal

mendelian frequencies. The surviving mice lack Langerhans

cells, splenic dendritic cells, and NK cells, and show absence of

lymph nodes and Peyer’s patches, which demonstrates the

requirement for ID2 in the development of these cells (18, 22).

Surviving Id2-/- mice also show increased B cell development,

decreased erythroid cells and no effect on myeloid cell

development (73). Gain and loss of Id2 function studies in

normal HSPCs confirmed that Id2 intrinsically inhibits B cell

development in vivo by negatively regulating E2A. In addition,

these studies showed that ID2 binds to PU.1 and interferes with

PU.1’s ability to inhibit GATA-1 transcriptional activity,

suggesting a potential mechanism of action for how ID2

promotes erythroid development (73). Additional experiments

are needed to further explore this mechanism of action, and

more precisely define the progenitors that express Id2, and

where cell fate is determined and how the expression of Id2 is

regulated. In this regard, Gfi-1 has been identified as a direct

transcriptional repressor of Id2, and high levels of Id2 are

expressed in Gfi-1-/- BMCs, and these mice show defects in B

cell, T cell, and neutrophil development (74, 75). In addition,

these mice have impaired short term reconstituting cell (STRC)

activity or ability to radio-protect lethally irradiated recipient

mice, and have significantly reduced numbers of HSCs (74–76).

Reducing Id2 levels in Gfi-1-/- mice (Gfi-1-/-;Id2+/-mice) partially

restores B cell development by overcoming the block in B cell

development at the pro-B cell stage, and reduces myeloid

hyperplasia, but does not rescue T cell development. These

results provide evidence for a direct link between Gfi-1 and the

B cell transcriptional network via Id2, which inhibits E2A

function required for B cell development (76). While reducing

the levels of Id2 in Gfi-1-/- mice rescued the myeloid hyperplasia

in the spleen, it did not rescue neutrophil differentiation.

Additional studies are needed to uncover how Id2 promotes

myeloid expansion in Gfi-1-/- mice and why normal myeloid

development is not restored. Finally, reducing Id2 levels in Gfi-

1-/- mice partially restores the number of STRCs, CMP and MEP

progenitors and differentiating erythroid cells in the BM bone

marrow, which is sufficient to radio-protect lethally irradiated

BMT recipient mice (77). Increased red cell production in Gfi-

1-/-;Id2+/- mice was correlated with increased expression of

Gata1, Eklf and EpoR, which are required for erythroid

development. It was proposed that ID2 inhibits E2A/Scl

complexes that regulate erythroid gene expression via a

multiprotein transcription factor complex that binds paired E-

box/GATA sites in the promoters of Gata1, Eklf and EpoR.

However; the precise molecular mechanism(s) of Id2 action that

rescue the erythroid lineage in Gfi-1-/- mice remain to be defined.
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Finally, reducing Id2 levels in Gfi-1-/- mice does not increase

HSC numbers and rescue the defect in HSC function in

competitive repopulation assays indicating that other genes

mediate HSC loss in Gfi-1-/- mice. Collectively, these

observations suggest that Id2 regulates HSPC fate at multiple

cellular levels, but leaves open the question whether Id2 regulates

HSC development.
Conditional Id2-/- mice

Few conventional Id2-/- mice survive beyond birth

suggesting that the surviving Id2-/- mice may have

compensated in some way to promote the survival of Id2-/-

mice. Therefore, the intrinsic requirement of Id2 in HSCs was

evaluated in conditional Id2F/F mice. Specifically, BMCs from

Mx1-cre;Id2F/F mice (78) were transplanted in g-IR recipient

mice (chimeric mice) to reconstitute the host hematopoietic

system and eliminate any contribution that loss of Id2 function

might have in the HME. Chimeric mice were treated with pIpC

to induce interferon production and ablate Id2 expression in

hematopoietic cells six weeks after BMT, and then examined for

hematopoietic development after ten weeks. Chimeric mice

showed a significant reduction in the total number

immunophenotypic HSCs, and decreased donor reconstitution

of competitively transplanted primary recipient mice confirming

that Id2 is required to maintain HSCs in chimeric mice

(Figure 2). Furthermore, Id2-/- chimeric mice showed reduced

overall survival due to anemia and BM failure compared to

Id2+/+ chimeric mice indicating that ID2 is intrinsically required

for HSC maintenance. Mechanistically, Id2-/- HSCs showed

increased proliferation and cycling, mitochondrial activation,

reactive oxygen species (ROS) production and differentiation in

vitro and in vivo. Pathway analysis of differentially expressed

genes in Id2+/+ and Id2-/- HSCs revealed increased expression of

genes that regulate cellular proliferation and genes that regulate

oxidative phosphorylation in Id2-/- HSCs compared to Id2+/+

HSCs. In addition, gene set expression analysis (GSEA) and

pathway analysis revealed that HIF-1a target genes were

decreased Id2-/- HSCs suggesting that ID2 might affect the

levels or function of HIF-1a. In this regard, HIF-1a-/- mice

show similar hematopoietic phenotypes with Id2-/- mice

including increased cycling, decreased quiescence, and

increased susceptibility to 5-FU treatment (79). HIF-1a
protein levels were reduced in purified Id2-/- HSCs, and loss of

HSC function in Id2-/- mice could be restored by chemically

stabilizing HIF-1a and overexpression of stabilized HIF-1a in

vitro and in vivo. Mechanistically, ID2 stabilizes HIF-1a by

binding to VHL and interfering with HIF-1a ubiquitination and

proteasomal degradation (Figure 2). Collectively, ID2 is required

to maintain HSC quiescence, a function that is distinct from ID1,
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which promotes HSC proliferation. Id2 and Id1 expression are

inversely correlated during hematopoietic stress, where Id2

expression decreases in HSCs as they exit quiescence and Id1

expression increases; after which, Id1 decreases and Id2 increases
Frontiers in Immunology 08
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when HSCs resume quiescence (Figure 3). Future experiments

are needed to determine if Id2 regulates quiescence of leukemic

stem cells (LSCs), and if there are additional mechanism(s) of

Id2 action in normal and LSCs.
FIGURE 2

Id2 is required for HSC quiescence and maintenance. Summary of hematopoietic phenotypes in Id2 ablated mice. Hif-1a expression is induced
in HSCs by stem cell factor (SCF) and thombopoietin (TPO). HIF-1a protein levels are maintained at low levels under normoxic conditions via
the action of proline hydroxylases (PHDs), which hydroxylate HIF-1a and promotes its association with the VHL complex, ubiquitination and
proteasomal degradation. Under low O2 conditions, PHD is inhibited resulting in reduced levels of hydroxylated HIF-1a, and reduced
ubiquitination and stabilization of HIF-1a. ID2 also acts to stabilize HIF-1a by binding to VHL, which prevents ubiquination and proteosomal
degradation of HIF-1a and promotes HSC quiescence.
FIGURE 3

Id1 and Id2 are differentially expressed during HSC activation and quiescence. HSCs express low levels of Id1 that are induced during stress
including BMT, genotoxic and inflammatory stress, and aging. Id2 is required to maintain HSC quiescence and Id2 decreases during HSC
proliferation and activation, after which, Id1 levels decrease and Id2 levels increase as HSCs return to quiescence. Chronic stress can lead to
HSC exhaustion and clonal hematopoiesis and hematopoietic malignancies.
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ID1 and stress hematopoiesis

Id genes are early response genes that are induced in NIH-3T3

fibroblasts by serum and growth factors, and are required for re-

entry of serum-starved cells into cell cycle, demonstrating the

requirement for Id genes in HGF-induced proliferation (stress)

(80). Id genes are expressed at low levels in most adult tissues, and

are induced by a wide array of extracellular signals in response to

stress or injury to promote tissue repair and regeneration (10, 67,

68). HSCs express low levels of Id1 under steady state conditions,

and Id1 is induced by HGFs that promote myeloid proliferation

and differentiation including IL-3 (33, 34). Furthermore, enforced

expression of Id1 in HSPCs promotes myeloid cell proliferation at

the expense of lymphoid development, suggesting that ID1 may

function during hematopoietic stress (33, 39). Therefore, to

evaluate the role of Id1 in hematopoietic stress, Id1-/- BMCs

were serially transplanted in g-IR recipient mice. No significant

difference in the repopulation potential of Id1-/- BMCs compared

to Id1-/- BMCs was observed in primary BMT recipients.

However, Id1-/- BMCs showed enhanced self-renewal potential

and promoted the survival of serially transplanted mice

significantly beyond the potential of Id1+/+ BMCs (Figure 4)

(36). Increased numbers of HSCs were detected in mice serially

transplanted with Id1-/- BMCs compared to Id1+/+ BMCs,

demonstrating that Id1-/- HSCs are maintained and protected

from exhaustion during chronic stress. Furthermore, Id1-/- HSCs

in serially transplanted mice showed reduced cycling, DNA
Frontiers in Immunology 09
142
damage (g-H2AX phosphorylation), mitochondrial biogenesis

and activation, and ROS levels compared to Id1+/+ HSCs,

indicating that Id1-/- HSCs show increased quiescence during

stress (36). Comparative transcriptome analysis of purified donor

Id1-/- and Id1+/+ HSCs confirmed that Id1-/- HSCs have an

increased quiescent molecular signature including reduced

expression of genes involved in cell cycle, oxidative

phosphorylation, ribosomal biogenesis, and protein synthesis.

Taken together, Id1-/- HSCs show increased quiescence and

reduced proliferation and activation during hematopoietic stress

compared to Id1+/+ HSCs.

BMT conditioning regimens including g-IR damages the

HME resulting in acute and chronic inflammation due to the

production of alarmins, recruitment of inflammatory cells and

the production of pro-inflammatory cytokines (cytokine storm)

(81–85). Initial reports demonstrated that myeloid HGFs induce

Id1 expression and proliferation of HSPCs in vitro (33, 34).

Subsequent studies showed that Id1 can be induced in HSCs by a

variety of proinflammatory cytokines in vitro, and HSCs that

express Id1 are actively proliferating (36). In addition, these

studies found that Id1 is induced in HSCs by proinflammatory

cytokines in vivo, and in HSCs after 6 Gy g-IR. Thus, during
chronic stress Id1-/- HSCs fail to properly respond to cytokine-

induced proliferation and differentiation and are protected from

exhaustion in vitro and vivo during serial BMT.

It is difficult to predict which cytokines in the cytokine storm

induce Id1 in HSCs after BMT in vivo; however, many cytokines
FIGURE 4

Ablation of Id1 Protects HSCs from chronic proliferative stress including BMT, chronic genotoxic and inflammatory stress, and aging. Summary
of mechanism of ID1 action in HSCs, and gene knockout mouse models in the molecular pathway.
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signal via the Jak/Stat pathway suggesting that JAK inhibitors

could protect HSCs from chronic proliferative stress. In this

regard, JAK1 is an intracellular tyrosine kinase signaling

molecule required for HSCs to respond to stress cytokines

including IFN-a/b/g and IL-3 (86). Jak1 deficient HSCs

exhibited increased quiescence, inability to enter cell cycle,

reduced response to type I interferons and IL-3, and impaired

ability to reconstitute hematopoiesis during BMT and stress

(86). Since ID1 proteins are induced by IL-3 in normal HSPCs

and cell lines (33), the increased quiescence of Jak1-/- HSCs

during stress may be mediated, in part, by reduced expression of

Id1. Therefore, mice were treated with small molecule inhibitors

of the JAK/STAT pathway after BMT to inhibit Id1 induction in

HSCs. JAK/STAT inhibitors partially inhibited the induction of

Id1 in HSCs after BMT in g-IR recipient mice demonstrating

that pro-inflammatory cytokines produced after g-IR induce Id1

in HSCs in vivo (36). Future studies could target other relevant

ligands (cytokines), receptors, and downstream signaling

pathways involved in proinflammatory cytokine signaling

during BMT including IL-6, IL-1, tumor necrosis factor

(TNF), IL-8 and others to prevent HSC exhaustion and

improve BMT.

It was hypothesized that since Id1-/-HSCs are protected from

chronic proliferative stress and exhaustion during serial BMT,

ablation of Id1 expression in HSPCs during other conditions of

chronic stress including inflammatory and genotoxic stress, and

aging could prevent HSC exhaustion (Figure 4). Indeed, studies

found that Id1-/- HSCs were also preserved in models of chronic

proliferative stress including chronic inflammatory stress (LPS)

and genotoxic stress (5-FU) (36, 87). In addition, HSCs from

aged (2 years old) Id1-/- mice resemble more youthful HSCs

including, 1) an immunophenotype of young HSCs, 2) increased

HSC function in serial BMT assays, 3) increased HSCs in G0, 4)

decreased HSC DNA damage, 4) reduced HSC ROS levels, and

5) reduced HSC mitochondrial stress compared to Id1+/+ HSCs.

Future experiments are needed to further define the molecular

mechanism(s) that protect Id1-/- HSCs from aging. Collectively,

these results demonstrate that Id1-/- HSCs are more quiescent

and resistant to chronic proliferative stress including

inflammatory and genotoxic stress and aging. Clonal

hematopoiesis, MPN and MDS are associated with increased

inflammation (84, 88–90), which could induce Id1, promote

HSPC proliferation during clonal hematopoiesis, and increase

mutational load and genomic instability over time.
Mechanism(s) of Id1 action in
hematopoietic stem and progenitor
cell growth and quiescence

Id1-/- HSCs fail to properly respond to cytokine-induced

proliferation and differentiation and show decreased BrdU
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incorporation and cell cycling after stress in vitro and in vivo

(36). Since E proteins inhibit cell proliferation, in part, by

promoting the expression of cyclin dependent kinase

inhibitors (Cdki’s) (91–94), and ID proteins inhibit E-proteins

resulting in increased proliferation, it is reasonable to

hypothesize that the reduced cycling of Id1-/- HSCs is due to

unrestrained E protein transcriptional activity and increased

Cdki expression (Id1-E2a-Cdki pathway) (Figure 4). Increased

p21 expression was observed in Id1-/- LSK cells compared to

Id1+/+ HSCs (35). Subsequent reports demonstrated that Id1-/-

HSCs show increased p27 and p16 expression and reduced

proliferation in expansion cultures compared to Id1+/+ HSCs,

and Id1-/- HSCs show increased expression of p21 and p27 after

14 weeks in competitive BMT assays compared to Id1+/+ HSCs

(36). Furthermore, knock down of E2a and p16 expression in

Id1-/- HSPC expansion cultures increased HSC proliferation

suggesting that Id1 increases HSC proliferation, in part, by

restraining E protein function and reducing p16 expression

(36). Importantly, E2a-/- HSCs show increased cycling,

decreased serial repopulation potential, and decreased

expression of p21 and p27 expression (95–97), and p21-/- HSCs

have decreased serial repopulation populations potential (98).

Thus, Id1-/- HSCs demonstrate opposite hematopoietic

phenotypes to E2a-/- and p21-/- HSCs, whereby Id1-/- HSCs

show increased quiescence and are protected from

hematopoietic stress and exhaustion, and E2a-/- and p21-/-

HSCs show increased proliferation and activation and are

sensitive to hematopoietic stress and premature exhaustion.

Thus, the Id-E-Cdki pathway critically regulates HSC cycling

during stress. In other studies, the E protein(E47) – Cdki (p21)

pathway was shown to be important in preventing HSC

exhaustion during BMT and 5-FU mediated stress (99).

Specifically, genetic experiments examining the requirement

for E47- p21 pathway in maintaining HSCs under stress

showed that E47hetp21het HSCs exhibit decreased serial BMT

repopulation when compared to E47hetp21WT, which have

increased p21 levels. The E-Cdki pathway is conserved in

endothelial cells (ECs), where p21 and p27 RNA expression is

increased in ECs that lack Id gene expression, and growth

inhibition of Id1-/-Id3-/- ECs in vitro was rescued by knocking

down E2-2 expression (56). In comparison, E2a and p16 shRNAs

partially restore the proliferation of Id1-/- HSCs in vitro,

suggesting that other E and Cdki proteins may regulate

quiescence in Id1 ablated HSCs, or Id1 regulates HSC

functions through other target genes and pathways. Therefore,

it will be important to evaluate if knock down of other E

proteins, E2-2 and Heb, and other Cdki’s rescue Id1-/- HSC

proliferation in vitro. In this regard, the role of E2-2 and Heb in

HSC development in conditional mouse models has not been

evaluated. Furthermore, it would be important to know if

reducing the expression of p21 and other Cdki’s via genetic

experiments can rescue the hematopoietic phenotypes in Id1-/-

mice in vivo. Finally, additional transcriptomic, proteomic, and
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single cell analysis of normal, stressed, or aged Id1-/-HSCs might

uncover additional molecular pathways that regulate

HSC quiescence.
Id Genes and hematopoietic
malignancies

Id gene expression has been correlated with the initiation,

progression, and metastasis of cancer in many tissues (7, 10,

100). Id genes are frequently overexpressed in advanced stage

chronic myeloid leukemia (CML), AML and MDS patient

samples while low or no levels of ID1 were detected in normal

CD34+ HSPCs (39, 101–110). Knock down of ID1 expression in

the AML cell line, MO-7e, resulted in decreased growth and

suggested that some AML cells may require ID1 for growth.

Furthermore, analysis of ID gene expression in an AML patient

cohort showed that high levels of ID gene expression were

correlated with FLT3-ITD, RAS, EVI-1 and C/EBPA mutations,

suggesting ID gene expression may be induced downstream of

oncogene activated signal transduction pathways (111). ID1 was

identified as a common downstream target of oncogenic tyrosine

kinases including FLT3-ITD and BCR-ABL (112). Stable KD of

ID1 in K562 (BCR-ABL) and Molm14 (FLT3-ITD) AML cell

lines inhibited their growth in vitro confirming that ID1 is

required for the growth of some AML cell lines. Analysis of

Id1 expression in a 237 AML patient cohort demonstrated that

AML patients with high levels of ID1 gene expression were less

likely to achieve complete remission and were correlated with

shorter disease-free survival and overall survival (113). Thus, it

was suggested that ID1 expression levels may provide a

molecular tool for refining risk classification of AML. In

addition, these studies suggest that Id1 may represent a

candidate for targeted therapy to treat AMLs (106).

To explore the intrinsic role of Id genes in hematopoietic

malignancies, Id1-overexpressing HSPCs were transplanted into

lethally irradiated recipient mice and monitored for survival.

Id1-overexpressing mice died roughly one year after BMT

compared to control mice, and sick mice showed 1) myeloid/

erythroid cell hyperplasia and increased numbers of immature

cells in the BM, 2) splenomegaly and extramedullary

hematopoiesis, and 3) peripheral blood monocytosis,

indicating that these mice succumbed to a MPN that did not

progress to AML (39). ID1 expression is increased in leukemic

cells from AML patients with t (8, 21) translocations, and

AML1-ETO regulates the ID1 promoter, suggesting a role for

ID1 in AML1-ETO leukemia (114). Ablation of Id1 in AML1-

ETO transduced murine fetal liver cells delays the onset and

development of leukemia by roughly 130 days after

transplantation in vivo (115). Furthermore, conditional loss of

Id1 in established AML-ETO-leukemia’s slows the development

of leukemia and promotes animal survival, suggesting that Id1 is

also required for the maintenance of leukemia. Mechanistically,
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these studies provided evidence that Id1 promotes AML-ETO

leukemic cell growth by interacting with Akt and increasing its

activity. In other studies, the progression of leukemia was

significantly delayed after transplantation of MLL-AF9-

transduced Id1-/- FL cells compared to MLL-AF9-transduced

Id1+/+ fetal liver cells (116). The delay in Id1-/- MLL-AF9

leukemia was reversed in FL cells that lack p21, which is

consistent with previous studies demonstrating that ID

proteins promote HSPC proliferation by inhibiting the E-Cdki

pathway. Interestingly, loss of Id1 accelerated the progression of

MLL-AF9-induced leukemia of BMCs, suggesting that Id1 is not

required for MLL-AF9-induced leukemia of BMCs, and that

leukemogenesis may differ significantly for FL and BM HSPCs.

The cellular and molecular mechanism(s) that account for the

differences in the progression of leukemia in these models is not

currently known. Taken together, these studies provide evidence

that ID1 is required for the initiation and progression of

oncogene driven leukemias. Future studies are needed to

determine if ID1 is required for AML cell line growth in

xenotransplantation and human AML PDX models, and if the

recently identified inhibitors of ID1 including cannabidiol and

AGX51 show any therapeutic benefit in these models (117–119).

Since MPN and MDS and myeloid malignancies that develop

with age are strongly correlated with inflammation and Id1 is

induced in HSPCs downstream of pro-inflammatory signals,

future studies are needed to better understand the role of ID1 in

these diseases and the molecular mechanism(s) of ID1 action

(84, 89, 120).

Ablation of Id2 in HSCs results in increased proliferation

and HSC activation suggesting that ID2 may function as a tumor

suppressor. Interestingly, Ko et al. showed that mice

transplanted with Id2-/- fetal liver cells develop leukocytosis

after 6 months that resembles a myeloproliferative disorder,

and that over expression of ID2 delays the onset BCR-ABL-

induced CML in vivo (121). In addition, loss of Id2 expression is

associated with increased MLL-AF9-induced leukemia in mice,

and over expression of Id2 inhibits the growth of MV4-11 and

MOLM-13 AML cell lines that express MLL-AF9, and Kasumi

AML cells that express AML-ETO (122). Together, these results

suggest that ID2 may function as a tumor suppressor in

hematopoietic malignancies. In addition, mice that lack Id2

develop intestinal adenomas, and show a hyperproliferation of

colon stem cells during embryonic development due to increased

Wnt/B-catenin signaling, suggesting that ID2 may function as a

tumor suppressor in other cell types (123, 124). Analysis of ID2

expression in 145 AML patient BMCs showed that AML patient

cells with high levels of ID2 expression were correlated with

lower complete remission and shorter overall survival, and was a

predictor of poor chemotherapy response (103). Analysis of ID2

expression in a subset of MLL-rearranged AML patient cells

indicated that MLL patients (35 patients) with high levels of ID2

expression had a significantly better overall and event free

survival than patients with low levels of ID2 (122). Further
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studies are needed to examine if levels of ID2 expression are

prognostic for AML patient subsets, and to determine if ID2 is

expressed in LSCs and functions to regulate their quiescence and

survival (Figure 3).
Conclusion and perspectives

ID proteins have emerged as important regulators of HSPC

quiescence (ID2) and proliferation (ID1). Specifically, low levels

of ID1 are expressed in primitive HSPCs, but are induced in

HSPC after acute stress including BMT, inflammatory and

genotoxic stress, and promote HSPC proliferation and myeloid

development, while inhibiting lymphoid development

(Figure 3). Upon resolution of an acute stress, HSCs return to

quiescence with low levels of ID1 and hematopoiesis resumes

under steady state conditions. However, under chronic

proliferative stress ID1 levels remain high and HSCs undergo

excessive proliferation, exhaustion and bone marrow failure.

Reducing ID1 levels during serial BMT, chronic inflammatory

and genotoxic stress and aging may be therapeutic to protect

HSCs from exhaustion. In addition, since hematopoietic

malignancies and bone marrow failure syndromes are often

accompanied by inflammation and increased ID1 expression,

reducing ID1 levels could be therapeutic by reducing

preleukemic proliferation and clonal expansion, which could

delay the onset and reduce the incidence of hematopoietic

malignancies and bone marrow failure syndromes. ID2 has

emerged as a critical regulator of normal HSC quiescence and

shows opposite expression to ID1, where ID2 levels decrease as

HSCs exit quiescence and ID1 levels increase during cell

proliferation. Maintaining high levels of ID2 in vitro and in

vivo could be exploited to expand HSCs for gene and cell

therapies including BMT. Opposing expression of ID1 and

ID2 is also observed during the final stages of myeloid

development, where ID1 expression is increased in myeloid

progenitors (CMP/GMP), and then decreases as cells exit the

cell cycle and differentiate, while ID2 expression is increased in

mature neutrophils. Furthermore, current evidence suggests that

ID1 and ID2 may function during neutrophil and eosinophil
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development, however, gain and loss of function studies are

needed to reveal if these genes are required for the differentiation

and function of these cells. Since ID2 regulates normal HSC

quiescence, the potential role of ID2 in LSC quiescence and

resistance to current therapies remains to be explored.
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The divergence between T cell
and innate lymphoid cell fates
controlled by E and Id proteins
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T cells develop in the thymus from lymphoid primedmultipotent progenitors or

common lymphoid progenitors into ab and gd subsets. The basic helix-loop-

helix transcription factors, E proteins, play pivotal roles at multiple stages from T

cell commitment to maturation. Inhibitors of E proteins, Id2 and Id3, also

regulate T cell development while promoting ILC differentiation. Recent

findings suggest that the thymus can also produce innate lymphoid cells

(ILCs). In this review, we present current findings that suggest the balance

between E and Id proteins is likely to be critical for controlling the bifurcation of

T cell and ILC fates at early stages of T cell development.

KEYWORDS

E2A, HEB, innate lymphoid cells, Id2, Id3, T cells
Introduction

The E protein family of transcription factors are crucial molecules engaging in B cell

development in the bone marrow and T cells differentiation in the thymus (1, 2). This

family consists of proteins encoded by three genes, E2A (also called Tcf3), HEB (Tcf12)

and E2-2 (Tcf4) (Figure 1A) (3–5). These proteins share extensive sequence homologies

in the activation domains (AD1, LH) and basic helix-loop-helix (bHLH) DNA-binding

domain (6–9). E proteins regulate the transcription of their target genes by forming

homodimers or heterodimers and bind to E-box sequences (9). The E2A gene gives rise

to two proteins, E12 and E47, due to alternative splicing of two adjacent exons, each

encoding a basic helix-loop-helix (bHLH) domain (10). While E47 binds DNA avidly as

homodimers, E12 does so poorly due to the presence of an inhibitory domain (11).

However, both form heterodimers with other bHLH proteins such as MyoD, and bind

DNA efficiently. The HEB gene encodes a full-length canonical protein (HEBCan) and a

truncated alternate form (HEBAlt), which derives from a transcript initiated in the

middle of the gene (12). HEBAlt lacks the AD1 transcription activation domain and has

lower transcriptional activities (13). It has an Alt domain at the N-terminus with three
frontiersin.org01
149

https://www.frontiersin.org/articles/10.3389/fimmu.2022.960444/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.960444/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.960444/full
https://orcid.org/0000-0002-7390-7506
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.960444&domain=pdf&date_stamp=2022-08-10
mailto:xiao-hong-sun@omrf.org
https://doi.org/10.3389/fimmu.2022.960444
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.960444
https://www.frontiersin.org/journals/immunology


Pankow and Sun 10.3389/fimmu.2022.960444
tyrosine residues which can be modified by phosphorylation that

augments its transcriptional activity (13).

The family of inhibitor of differentiation proteins, Id1-4,

antagonize E proteins by dimerizing with them via the helix-

loop-helix domain (Figure 1B) (14–19). However, because Id

proteins lack the basic amino acids necessary for DNA binding,

heterodimers between E and Id proteins cannot bind to E box

sequences (Figure 1C). Transcription of the E protein genes is

less variable but that of the Id genes is highly dynamic.

Therefore, the net E protein activity in a given cell is

determined by the levels of both E and Id proteins (16, 17). In

this review, we intend to highlight the roles of E and Id proteins

in regulating the fate choices between T cells and innate

lymphoid cells.
T cell development

Lymphoid-primed multipotent progenitors (LMPP) and

common lymphoid progenitors (CLP) travel from the bone

marrow to the thymus and become early T cell progenitors

(ETP) (20–23). T cell developmental progression in the thymus

can be generally defined by the expression of CD4 and CD8

surface markers: from CD4 and CD8 double negative (DN) to

double positive (DP) and then to CD4 or CD8 single positive

(SP) (24–27). During the transition from DN to DP stage, an

immature CD8 single positive subset (ISP) has been described

(28, 29). Within the DN compartment, four subsets (DN1 to
Frontiers in Immunology 02
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DN4) are characterized by the expression of c-kit and CD25 in

the order of maturity as c-kit+CD25-, c-kit+CD25+, c-kit-CD25+

and c-kit-CD25- (27). ETPs are at the top of the hierarchy and

included in the DN1 subset (23). They give rise to both ab and

gd T cells, which have distinct T cell receptors (TCRs), different

developmental programs and divergent functions. The E2A and

HEB genes are both expressed in the thymus. Interestingly,

HEBAlt is preferentially produced in the DN and ISP stages.

Since E proteins are known to inhibit cell proliferation and

HEBAlt acts as a hypomorph (13, 30), whether HEBAlt plays a

role in tampering E protein activities during pre-TCR-triggered

cell expansion is interesting to be investigated.
ab T cells

The development of ab T cells is largely driven by ab
TCR signaling events. However, before the formation of pre-

TCRs and TCRs, the differentiation of committed T cell

precursors is supported by Notch signaling and signaling

from cytokine receptors such as that of IL-7 (31–35).

Critical transcription factors involved in T cell commitment

include TCF1, GATA3 and Bcl11b (36–40). The sequential

rearrangements of TCRb and then TCRa genes catalyzed by

the RAG1 and RAG2 recombinases set the milestones of the

developmental progression (24, 41–44). The TCRb locus

undergoes recombination between D to J regions and then

V to DJ regions to produce functional b chains, which pair
A B

C

FIGURE 1

Schematic diagrams of E and Id proteins. (A) The function domains of E proteins are labeled. AD1 and LH are two transcription activation
domains. The basic and helix-loop-helix domains are marked as b and HLH, respectively. (B) Id proteins with the HLH domain are shown.
(C) The mechanism of action of Id proteins to inhibit DNA binding by E proteins. The figure was created by BioRender.com.
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with the pre-Ta (45, 46). The pre-TCR complex delivers

signals leading to the expansion of DN3 cells and

their advancement to the DP stage. The TCRa gene

rearrangement occurs at the DP stage, which allows the

formation of ab TCRs, triggers the positive and negative

selection and enables the generation of mature SP T cells (47–

49). Mature but naive T cells leave the thymus by the

upregulation of S1PR1 and CD62L (50–53).

ab T cells possess a large repertoire of TCRs due to a

collection of V regions. These TCRs recognize diverse antigens

presented by the MHCmolecules and elicit subsequent signaling

events. CD4+ and CD8+ naïve T cells exit the thymus to be

activated and differentiate into helper and cytotoxic effectors in

peripheral lymphoid organs, respectively (54, 55). Due to the

sheer quantity of thymic output of ab T cells and their ability to

proliferate in response to antigen engagement, ab T cells are the

major players of adaptive T cell immunity.
gd T cells

The development of gd T cells differs from ab T cells. Firstly,

unlike ab T cells, gd T cells do not traverse DP and SP stages

during the development. Instead, they undergo gd lineage

commitment and maturation at DN2 and DN3 stages (56–58).

Generation of mature gd T cells depends on the V-J

rearrangement of the TCRg locus and V(D)J recombination in

the TCRd locus, along with Notch signaling. Since the TCRd
gene is embedded in the TCRa locus, TCRa rearrangement,

triggered by pre-TCR signaling after an independent

rearrangement event of the TCRb gene, can eliminate the

TCRd gene, thus aborting the gd T cell fate (59–61). Early

precursors of effector gd T cells in the thymus are identified as

CD24+ and then mature to CD24- stage (62, 63). There are three

types of gd T cells classified based on their effector functions, gd1,
gd17 and innate-like gd T cells, which secrete interferon g, IL-17
and interferon g plus IL-4, respectively (64–66). The

development of gd T cells require stronger TCR signals in the

comparison to ab T cells (67, 68). The gradients of TCR signals

determines the development of specific effector subsets. The

generation of innate-like gd T cells depends on the strongest

TCR signal as indicated by their higher levels of CD5 compared

to other gd subsets (69). CD5 levels are proportional to TCR

signaling strength in the thymus (70, 71). Expression of PLZF

transcription factor also depends on ligand ligation with TCR

and PLZF is required for the effector function of innate-like gd T
cells (72). Type 1 gd T cells also require a strong TCR signal and

the T-bet transcription factor is critical for gd1 differentiation

(65, 72–75). On the other hand, type 17 gd T cells rely on a

weaker TCR signal for the differentiation (65, 72, 74, 76). In fetal

organ culture, addition of activating antibodies against gd TCR

or CD3 impairs the production of gd17 cells (76). Moreover,

RORgt transcription factor is essential for gd17 development
Frontiers in Immunology 03
151
(77). Additionally, CD73 expression marks most of gd T cells

committed to mature into effector cells in the thymus (78).

Distinct subsets of gd T cells reside in different tissues and

develop at different ages in mice (56, 57). The Vg regions are

described by two different nomenclatures. In this review, we will

use the one defined by Raulet and colleagues (79). In the early

fetal stage, the first wave of gd T cells is associated with the

Vg3+Vd1+ subset known as the dendritic epidermal cells, which

produce IFNg (65, 80, 81). The development of the Vg4+ subset
begins at the fetal stage and lasts until birth. The generation of

the Vg2+ subset occurs in the late fetal stage and continues

through adulthood. The Vg2+ subset consists of cells producing
IL-17 or IFNg (82). The IL-17-producing cells become long-lived

cells with self-renewal capabilities after birth (83). Vg1.1+ cells

develop at the prenatal stage and this persists through adult life

(56). Despite the complicated developmental schemes of gd T

cell differentiation, how gd TCRs interact with their ligands and

elicit signals is less understood. To some extent, gd T cells are

thought to have properties resembling innate cells.

T cell development is a “wasteful’ process”. Every D-J or

V-DJ combination only has one third of a chance to create an

in-frame joint that result in a full-length TCR chain. It is

believed that over 70% of the developing T cells do not reach

the mature stage and die because they fail to form pre-TCR (b
selection) at the DN3 stage or because they cannot produce a

full-length TCRa chain at the DP stage (death by neglect).

They can also be eliminated due to excessively strong TCR

signaling (negative selection). Are there any alternative fates

for these T cell “drop-outs”? Perhaps, innate lymphoid cells

are some of the options.
Regulation of T cell development by
E and Id proteins

E proteins play pivotal roles in governing the development

of ab T cells. Two of the E protein genes, E2A and EBCan, are

expressed in T cells and they have redundant functions. The

proteins encoded by these two genes include E12, E47, HEBCan

and HEBAlt. Since all knock-out constructs targeted the bHLH

domains, E2A or HEB deficient mice lack all of their respective

proteins. Germ-line ablation of either E2A or HEB gene partially

impairs T cell development by dramatically reducing thymocyte

counts (84, 85). The leaky block allows the maturation of small

numbers of T cells, which are predisposed to develop T cell

lymphoma (84–86). HEB deficiency also reveals a novel role of

HEB at the ISP stage (86). In contrast, simultaneous inhibition of

all E proteins by expressing Id1 using the proximal promoter of

lck in transgenic mice results in a complete block of T cell

development, arresting thymocytes at the DN1 stage when the

Id1 transgene begins to be expressed (87, 88). Likewise, inducible

ablation of both E2A and HEB genes using the plck-Cre
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transgene results in a developmental arrest at the DN3 stage

when the Cre gene is expressed (89).

E protein-mediated control at these early stages of T cell

development is multi-dimensional. First, E proteins are known

to activate the transcription of Notch1, which encodes the

receptor for Notch ligands such as Delta-like 4 in the thymus

and ensure the differentiation and survival of T cells (90–92).

Second, E proteins are found to activate the transcription of

Rag1 and Rag2 (93, 94), which code for the enzymes essential for

VDJ recombination of TCR genes. Third, E proteins facilitate

TCR gene rearrangement by increasing chromatin accessibility

at the TCRb locus (95). Fourth, the binding of E2A-HEB

heterodimers to Ptcra enhancer regulates pre-Ta expression at

the DN3 stage (96–98). Finally, the interplay between E proteins

and other transcription factors such as TCF1 and LEF1 also

contribute to the positive regulation of early T cell development

(36, 99).

Following pre-TCR signaling, the Ras-MAP kinase pathway

is activated, which leads to the up-regulation of Egr transcription

factors and then activation of the Id3 gene (100–103). This

suggests that down-regulation of E protein activity is necessary

for DN3 cells progress to the DP stage. Indeed, when Rag1 was

deleted, T cell development arrested at the DN3 stage (104).

However, if E proteins are down-regulated by germline E2A

deletion or pLck-Id1 expression, Rag1-/- thymocytes can advance

to the DP stage (105, 106). Another mechanism to down-

regulate E proteins is to accelerate their ubiquitin-mediated

degradation in the presence of Notch signals and MAP kinases

activated by pre-TCR signaling (107, 108).

At the DP stage, Id3 expression is transiently triggered by

TCR signaling and is involved in the positive selection of

developing thymocytes (101, 109). Deleting both Id2 and Id3

genes prevented the progression of positively selected T cells to

the SP stage (110). Conversely, low levels of Id1 expression in

plck-Id1 heterozygous transgenic mice allows some T cell

precursors reach the DP stage but a majority of these cells

undergo apoptosis likely due to excessive responses to the

normal levels of TCR stimulation (105, 111). This notion was

supported by the observation of hyper-activation of NFkB upon

ectopic Id1 expression (105, 112). In addition, deleting both E2A

and HEB genes also impairs the generation of CD4 SP T cells

(110). Collectively, E and Id proteins clearly are the central

players in shaping ab T cell development.

A strong TCR signal triggers the activation of the ERK-Egr-

Id3 axis and favors gd over ab T cell development (73). Id3

deficiency resulted in an expansion of Vg1.1+ innate-like gd T

cells, possibly due to the dampening of the strong TCR signaling

which normally causes the death of these cells (113, 114). In fetal

organ cultures, HEB deficiency impairs the differentiation of Vg4
and Vg6-containing gd17 cells. In et al. postulated two pathways

of gd T cell development (115). Pathway 1, which favors gd1
cells, depends on strong TCR signaling and up-regulation of Id3.

In contrast, pathway 2 mostly occurs in the fetal stage and
Frontiers in Immunology 04
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requires lower levels of TCR signaling and Id3 expression. HEB

is necessary for Vg6+CD73- gd17 T cells in the fetal stage as well

as Vg4+CD73+ gd17 T cells in neonates (115). HEB and E2A are

thought to activate the transcription of Sox4, Sox13 and Rorc

genes necessary for gd17 differentiation (115, 116). Overall, it

appears that Id3 expression plays a critical role in directing gd T
cell development through counterbalancing the function of

E proteins.
Differentiation of innate
lymphoid cells

Innate lymphoid cells (ILCs) are first responders in immune

reactions towards environmental insults and microbial

infections. ILCs are divided into three groups, ILC1 to ILC3,

which play different roles during specific immune responses

(117, 118). Even though ILCs share with T cells the

transcriptional factors that drive their differentiation and the

profiles of cytokine production, they lack T-cell receptors (TCR),

thus eliciting innate immunity as opposed to adaptive immunity

mediated by T cells (118–120). Each ILC subset has been

increasingly recognized to be heterogenous and display

different characteristics in different tissues (121). Plasticity

between the three ILC subsets also exist, especially under

pathophysiological conditions (118, 122). Nevertheless, the

general properties and functions of these three subsets of ILCs

have been established. The ILC1 group consists of helper-like

ILC1s and conventional NK cells (cNK). ILC1s mediate the early

immune response upon contact with intracellular pathogens like

bacteria and viruses. Their effector function regarding cytokine

production is similar to the that of cNK cells, namely secreting

IFNg upon pathogen exposure. However, NK cells but not

helper-like ILC1s are cytotoxic and able to produce high levels

of cytotoxic granules like perforin and granzymes. The T-bet

transcription factor is responsible for ILC1 differentiation and

function (123). ILC2s share a transcriptional network and

cytokine production profiles with those of type 2 T helper cells

(Th2). GATA3 is the signature transcription factor and drives

the expression of cytokines including IL-5, IL-13, IL-4, IL-9, and

amphiregulin (124–126). RORa is another transcription factor

indispensable for ILC2 differentiation (127). ILC2s are crucial

for the protection against helminth infection. They are also

activated by allergens due to the release of IL-25, IL-33 and TSLP

in the tissues, contributing to a number of respiratory diseases

such as asthma (128). On the other hand, ILC2s have also been

shown to be involved in tissue repair following influenza

infection (129). The ILC3 group includes innate immune cells

committed to targeting extracellular microbes. They reside

mainly in the mucosal tissues and maintain their homeostasis

locally. ILC3s express RORgt and produce cytokines such as IL-

17A, IL-22, and GM-CSF (118, 123). Lymphoid tissue inducers

(LTis) are a subset of ILC3s essential during the fetal stage for
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supporting the development of lymph nodes and other

lymphoid tissues (130).

Innate lymphoid cells are progenies of hematopoietic stem

cells, arising from progenitors destined to become lymphoid

cells such as lymphoid-primed multipotent progenitors

(LMPPs) or common lymphoid progenitors (CLPs) (20, 21).

These progenitors reside in fetal liver or adult bone marrow

where ILCs differentiate in addition to B cells. These processes

have been extensively studied as summarized below. However,

LMPPs and CLPs also travel to the thymus to produce T cells.

The capability of the thymus to support ILC differentiation has

recently become appreciated (90, 131–133). The divergence of T

cell development to ILC fates is an interesting issue to be

addressed here. Finally, ILCs are also believed to be derived

from tissue-resident progenitors but at what stage these

progenitors seed the peripheral tissues and whether all ILC

subsets utilizes this mechanism of reproduction are not

fully understood.
ILC differentiation in the bone marrow
and fetal liver

Innate lymphoid cells develop in the bone marrow from

LMPPs or CLPs through a series of intermediate progenitors

which progressively lose the potential of giving rise to B cells and

then NK cells (120). The progenitors that can generate

subsequent progenitors for either ILC or NK cells are called

alpha LPs (aLPs), which require the NFIL3 and TOX

transcription factors (134). Early innate lymphoid progenitors

(EILP) characterized by TCF1 expression, also have a similar

differentiation potential (135). Next, common helper ILC

progenitors (CHILPs) are regulated by Id2 and responsible for

the ILC but not NK subsets (136). ILC progenitors (ILCPs)

controlled by PLZF are dedicated to only producing ILCs, and

are found in both bone marrow and fetal liver (137). In contrast,

NK progenitors (NKPs) which also express Id2 are specialized to

become NK cells (120, 137). Although CHILPs or ILCPs have

the potential to give rise to all three ILC subsets in vitro when

cultured on OP9-DL1 stroma, the predominant subset detected

in the bone marrow is ILC2 as well as their precursors called

ILC2Ps (138). Moreover, there is also evidence that ILC1s can be

generated in adult liver from fetal hematopoietic stem

cells (139).

Whether the bone marrow serves as a constant source of

ILC2 replenishment has not been well established. Experiments

using parabionts suggested tissues such as the lung receive few

ILC2s from the blood circulation (140, 141). However, recent

single cell RNA sequencing (scRNAseq) data showed a

population of ILC2s in the blood of wild type and athymic

nude mice, which suggest that these ILC2s may come from the

bone marrow or they are the recirculating ILC2s from

peripheral tissues (133). IL-18R+ precursors of ILC2s have
Frontiers in Immunology 05
153
also been found in the lung and shown to arrive from the

blood (142, 143).

In humans, ILC progenitors with biases to different ILC

subsets are readily detectable in the blood (144, 145). Likewise,

committed ILC1 to ILC3 subsets are also found in the blood

(122, 146). These cells are assumed to come from the bone

marrow but no direct evidence is available. The frequencies of

the ILC subsets are often found to be altered in different disease

states, which may potentially serve as biomarkers of these

diseases (147–149).
ILC differentiation in the thymus

Small numbers of ILCs, particularly ILC2s, have been found

in the thymus at pre- and post-natal stages (150–154). This is

consistent with the fact T cell progenitors express the

transcription factors supporting ILC2 differentiation, namely

GATA3, TCF1 and Bcl11b (155).

Whether the thymus is another lymphoid organ capable of

exporting ILC precursors or ILCs to peripheral tissues was

investigated by using scRNAseq of the lineage negative (Lin-)

Thy1+ fraction of the blood of wild type and athymic nude mice

(133). Bajana et al. found that about half of the ILC-containing

Lin-Thy1+ population, was greatly diminished in the athymic

nude mice, which suggest that the production of these cells is

thymus-dependent, thus designated td-ILCs. These cells were

fractionated into four clusters based on their distinct

transcriptomic properties. All td-ILCs express genes commonly

expressed in ILCs such as Tcf7 and Il7r but they lack the signature

transcription factors that specify ILC1 to ILC3: T-bet, GATA3 and

RORgt, suggesting that td-ILCs can be ILC precursors. Indeed,

when these cells were isolated as Lin-Thy1+CD127+CD62L+ from

the blood and cultured on OP9-DL1 stroma, different subsets of

ILCs were generated (133). Whether this population contains

disparate progenitors for distinct ILC subsets or progenitors with

multiple potentials is to be determined.

Interestingly, td-ILCs express Cd3d, Cd3e and Cd3g but no

other T cell specific genes such asCd4, Cd8a, Rag1, Rag2 andDntt.

Flow cytometry analyses detected CD3ϵ by intracellular staining

but not by surface staining (133). Moreover, td-ILCs do not have

TCRb or TCRd either on the surface or in the cytoplasm, thus

indicating that they are not T cells. Using intracellular CD3ϵ
(icCD3ϵ) as a marker, Bajana et al. also detected icCD3ϵ+ cells in
the lung, small intestine and skin of wild type mice (133). Because

these icCD3ϵ + cells are greatly diminished in nude mice, the

results were interpreted to mean that icCD3ϵ marks thymus-

derived cells. Like in blood td-ILCs, the icCD3ϵ+ cells in the lung

and small intestine do not express TCRb or TCRd, ruling out the
possibility that they are T cells. This suggests that td-ILCs in the

blood may home to peripheral tissues where they differentiate into

diverse ILC subsets. In the lung, a significant fraction of icCD3ϵ+

ILCs are ST2-RORgt+ ILC3-like cells. In contrast, the lamina
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propria of small intestine harbors icCD3ϵ+KLRG1-T-bet+ ILC1-

like cells. Curiously, the expression levels of GATA3 correlated

inversely with those of icCD3ϵ, which suggests that ILC2

differentiation is accompanied by the down-regulation of CD3

expression (133). Although this possibility remains to be

investigated, the potential down-regulation of CD3 expression

makes it difficult to assess the contribution of thymus-derived

ILC2s to the overall ILC2 pool. A lineage-tracing system with a

Cre transgene that is specifically and efficiently expressed at the

early stages of T cell development would greatly facilitate the

estimation of the contribution of thymus-derived ILC2s and

further validate the thymic origin of ILC2 subsets.

Additional evidence exist that support the notion that the

thymus contributes to the ILC2 pools. Qian et al. showed that not

only multipotent progenitors (DN1) but also committed T lineage

cells (DN3) from the thymus can differentiate into functional ILC2

on OP9-DL1 stromal cells (132). Consistently, ILC2s isolated from

the lung of WT but not nude mice harbor rearranged TCR genes,

Tcrb and Tcrg, suggesting that at least some of the ILC2s originated

from committed T lineage cells in the thymus (132, 156). While

Tcrg rearrangement was readily detectable by electrophoresis,

analyses of the D-J and V-DJ recombination in the Tcrb locus

required Southern blotting because of the diversity of their

rearrangement events. Shin et al. sequenced the rearranged Tcrg

segments and found a reduced frequency of in-frame

rearrangement in ILC2s compared to that in gd T cells (156). It

was thus concluded that ILC2s are derived from cells which have

failed productive gd TCR rearrangement (156, 157). However,

further investigation at the single-cell level could strengthen the

conclusion. Despite the rearrangement events detected, ILC2s do

not express TCRb or TCRd either intracellularly or on the surface.

Likewise, NK cells have also been shown to arise from early

T cell precursors in the thymus, suggesting a branch point

between T and NK cells (158–160). It remains to be

determined if this branch point is similar or different from

those giving rise to ILCs.
Regulation of ILC differentiation by E
and Id proteins

Id2 is expressed in ILC progenitors and plays an essential role

in ILC development, which implicates the involvement of E

proteins in regulating ILC differentiation (136, 161). Strikingly,

down-regulation of E proteins by the ectopic expression of Id1 in

transgenic thymocytes at the DN1 stage or by deletion of the E2A

and HEB genes with plck-Cre at the DN3 stage led to dramatic

increases in ILC2 production in the thymus (131, 132). As a result,

large amounts of ILC2s were exported from the thymus to

peripheral tissues throughout the body. The thymus was shown

to be responsible for the mass production of ILC2 in Id1

transgenic mice because when the transgene was bred onto the
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nude background, ILC2 expansion was no longer detectable (132).

ILC2s made in the thymus of Id1 transgenic and E protein

deficient mice respond to IL-25 or IL-33 stimulation similarly as

wild type ILC2s by secreting IL-5 and IL-13 in cultures (131, 132).

In vivo, Id1 transgenic mice exhibited greater type 2 responses

when treated with papain in the lung or during helminth infection

(131). These are likely due to the presence of excessive amounts of

ILC2s in Id1 transgenic mice. However, on a per cell basis, Id1

transgenic ILC2s appeared to have a less robust production of IL5

and IL-13 (131). It is not clear if this is due to a cell intrinsic

difference or a limitation of stimuli available to all of the extra

ILC2s in Id1 transgenic mice. Barshad et al. made a similar

observation by treating wild type and Id1 transgenic mice with

house dust mites (HDM) (162). By analyzing the chromatin

accessibility, they found a reduction in AP-1 and C/EBP

binding sites in open chromatins after HDM treatment in Id1

transgenic ILC2s. Whether this is due to a direct or indirect effect

of E protein inhibition remained to be determined.

In the blood of Tcf3fl/flTcf12fl/flplck-Cre mice, an extremely

large population of cells (cluster 0) that belong to thymus-

dependent ILC precursors was detected using scRNAseq (133).

In addition, a subset (cluster 2) with characteristics of NK cells

was also markedly enriched (133). These cells can give rise to

different ILC/NK subsets when cultured on OP9-DL1 stroma

(133). Together, these results suggest that E proteins play

multiple roles in suppressing the production of ILC and NK

precursors, which may arise at different developmental stages or

from different T cell precursors. Whether E proteins suppress

the same or different transcriptional programs governing ILC

and NK differentiation remains to be investigated.

Ablating E2A and HEB genes starting at the CLP stage using

IL7r-Cre increased the production of both ILC2s and LTi-like

cells, a subset of ILC3s (90). Conversely, inducible expression of

a gain-of-function mutant of E47 by Rag1-Cre impaired the

differentiation of ILC2s from ILCP in the bone marrow (163).

Furthermore, Id2-/- mice have been shown to be devoid of NK

cells and lymph nodes which are initiated by LTi cells (130). Yet,

overexpression of Id3 in human hematopoietic stem cells

promoted NK differentiation (164). These findings suggest that

down-regulating E protein function is instrumental for NK cell

differentiation (165). It was further shown that Id2 plays a key

role in regulating the production of IL-15 important for NK

homeostasis (166, 167).
Transcriptional programs of E
protein-mediated suppression of
ILC differentiation

Inducible deletion of the E2A and HEB genes promoted

ILC2 differentiation from CLP, DN1 and DN3 cells on OP9-DL1
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stroma by 20-40 folds, which demonstrates a powerful cell-

intrinsic suppression by E proteins (132). It is therefore

interesting to elucidate the transcriptional programs that

underlie the suppression of ILC2 differentiation. Miyazaki et

al. performed RNA sequencing and Assay for Transposase-

accessible Chromatin Sequencing (ATAC-seq) using DN1

(ETP) cells of fetal thymi of control and Tcf3fl/flTcf12fl/flIl7r-

Cre mice. As expected, they found the down-regulation of an

array of genes important for T cell development, which include

Notch1, Ptcra, Rag1, Rag2 and Cd3d. On the other hand, genes

known to be expressed in ILC progenitors or ILC2s were up-

regulated. Examples of such genes are Pdcd1, Il18r, Id2, Gata3,

Lmo4, Rora, Tox, Est1, Il4, Il1rl1 and Klrg1. The chromatin

accessibility assays also showed a shift from the open chromatin

patterns of T cells to those of ILCs. While these findings agree

with the phenotypes of E protein deficient mice, it is difficult to

pinpoint the critical switches that alter the cell fates.

Likewise, Qian et al. conducted RNA sequencing using DN1

or DN3 cells from control and Tcf3fl/flTcf12fl/flRosa26CreERT2

mice cultured on OP9-DL1 stromal cells (132). On day 4 of

the culture, tamoxifen was added to the medium and the cells

were collected 24 or 72 hours later. Expression of genes

important for T cell development decreased whereas those

crucial for ILC2 differentiation increased. Even after one day

of E-protein ablation, a collection of genes coding for diverse

transcription factors became activated. These include Zbtb16,

Gata3, Rora, Rxra, Klf6, Ikzf2 and Irf4. While it is possible that E

proteins individually repress the transcription of all of these

genes, a coordinated program that controls the transcription of

critical factors essential for ILC2 differentiation may be at play.

A close-up look at the action of E proteins was carried out by

making use of the E47-ER fusion proteins (112), which allowed

instant induction of E protein activity upon addition of

tamoxifen (168). ILC2s from the thymus of Id1 transgenic

mice were transduced with retroviruses expressing E47-ER or

empty control viruses. Transduced cells were isolated by sorting

for EGFP expressed off the same retroviral vector. After

expansion, these cells were then incubated with tamoxifen for

4 or 16 hours and harvested for RNA sequencing or ATAC-seq.

Consistent with the function of E proteins as transcription

activators, Peng et al. found more genes activated than

repressed by E47-ER at both time points (168). Among them

are three genes encoding transcriptional repressors, Cbfa2t3,

Jdp2 and Bach2 (169–171).

Interestingly, ATAC-seq data showed that a modest increase

in chromatin accessibility 4 hours post induction of E47 was

followed by a widespread reduction in open chromatin regions

16 hours later. Moreover, the transcription factor motifs

enriched in the differential peaks shifted from those bound by

bHLH and Ets1 proteins at 4 hours to those recognized by bZip

and GATA factors. It is therefore possible that one of the

mechanisms whereby E proteins suppress ILC2 differentiation

is to control the expression of transcription repressors, which in
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turn negatively regulate the transcription of genes important for

ILC2 differentiation or function. Although this hypothesis has

not been validated through genetic complementation studies, the

correlation between the alteration of gene expression in

Cbfa2t3-/- and E protein deficient mice support this idea (168,

172). Proteins bound to bZip and GATA motifs such as Batf and

GATA3 are also known to be crucial for ILC2 function (126,

173, 174).

The RORa transcription factor also plays an important role

in ILC2 differentiation (127). Rora-/- mice lack ILC2s but have

intact T cell compartments. Recently, Ferreira et al. showed that

RORa promotes ILC2 over T cell development by activating the

transcription of Id2 and Nfil3, which in turn inhibit the function

of E proteins (153). However, in E protein deficient thymocytes,

Rora expression is consistently up-regulated (90, 132, 168).

Thus, a positive feedback loop may perpetually cause the up-

regulation of Rora expression during ILC2 differentiation. There

are likely additional transcription factors which act in parallel or

in sequence to coordinate the differentiation of ILC2s and

possibly ILC progenitors. However, it is clear that E proteins

and their inhibitors, Id proteins, play a central role in

maintaining the balance between T cell and ILC development.
The crossroads of T cells and innate
lymphoid cells

The major difference between T cells and innate lymphoid

cells is the presence and absence of TCRs on their cell surface,

respectively. However, there are a number of common features

in the differentiation of these two types of cells (175). The thymic

environment is conducive to the maturation of both T cells and

ILCs (at least ILC2s and ILC3s) by supporting Notch and IL-7

signaling. The thymic progenitors equipped with transcription

factors such as TCF1 and GATA3, are able to differentiate into

both T cells and ILCs. Obviously, T cell production is the

dominating responsibility of the thymus. This is due to the

overwhelming effects of TCR-driven T cell expansion and

powerful transcriptional programs in place to ensure an

adequate T cell output. One of such transcriptional programs

is controlled by the balance between E and Id proteins (Figure 2).

When E protein activities are high, T cell development proceeds.

When Id proteins overcome E proteins, ILCs can develop.

Although Id2 has been shown to be expressed in ILC

progenitors and play critical roles in ILC differentiation in the

bone marrow, expression of Id3 is stimulated by TCR signaling

in both ab and gd T cells (73, 106). This would create

opportunities for developing T cells to divert to the ILC path.

However, this possibility needs to be vigorously investigated. It is

also interesting to explore whether the large numbers of

developing T cells eliminated during the differentiation

processes could be recycled into ILCs and used to replenish

ILC pools in peripheral tissues. The E/Id axis has clearly been
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shown to be gate-keepers in the crossroads to T cell and ILC

fates but the downstream transcriptional events remain to be

further elucidated as the technologies and critical reagents

become available.
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