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Role of Helix-Loop-Helix Proteins during Differentiation
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Helix-loop-helix (HLH) proteins play a profound role in the process of development and cellular differen-
tiation. Among the HLH proteins expressed in differentiating erythroid cells are the ubiquitous proteins Myc,
USF1, USF2, and TFII-I, as well as the hematopoiesis-specific transcription factor Tal1/SCL. All of these HLH
proteins exhibit distinct functions during the differentiation of erythroid cells. For example, Myc stimulates the
proliferation of erythroid progenitor cells, while the USF proteins and Tal1 regulate genes that specify the
differentiated phenotype. This minireview summarizes the known activities of Myc, USF, TFII-I, and Tal11/
SCL and discusses how they may function sequentially, cooperatively, or antagonistically in regulating expres-
sion programs during the differentiation of erythroid cells.

Adult erythroid cells differentiate from hematopoietic stem
cells (HSCs) through a cascade of steps (18, 132). The most
primitive HSC is called a long-term HSC (LT-HSC) for its
ability to reconstitute HSCs in the bone marrow of irradiated
mice over a long period of time. These slowly dividing cells are
attached to a niche in the bone marrow and give rise to short-
term HSCs, which then differentiate into common lymphoid
progenitors (CLPs) or common myeloid progenitors (CMPs).
The CMPs go on to differentiate into granulocyte/monocyte
precursors (GMPs) or into megakaryocyte/erythroid cell pre-
cursors (MEPs). MEPs further differentiate into erythropoie-
tin-responsive BFU-E (blast-forming unit-erythroid) and then
CFU-E (CFU-erythroid). The CFU-E cells differentiate to
form orthochromatic normoblasts, then reticulocytes, and fi-
nally enucleated mature erythrocytes (125). The process of
erythropoiesis has been extensively studied in vitro and in vivo
and led to the identification of key erythroid cell transcription
factors that regulate gene expression programs at the various
steps of differentiation. The availability of erythroid cells rep-
resenting different stages of maturation has rendered this sys-
tem ideal for studying gene regulatory mechanisms.

Transcription factors are classified based on the presence of
specific protein-protein and protein-DNA interaction motifs
which allow them to regulate gene expression by binding to
DNA in a sequence-specific manner and to recruit coregulator
complexes (98). The class of helix-loop-helix (HLH) transcrip-
tion factors encompasses many proteins that play important
roles during development and differentiation (89). The HLH

motif is a characteristic dimerization domain which is accom-
panied by a basic (b) DNA-binding domain. Some HLH pro-
teins contain an additional leucine zipper (ZIP) protein inter-
action module; these proteins are referred to as bHLHZIP
proteins (89). Erythroid cells express many different HLH pro-
teins. Here, we will review the well-characterized proteins
USF1, USF2, Myc, TFII-I, and Tal1/SCL but will also discuss
how inhibitor of DNA binding (ID) proteins, which only con-
tain the HLH domain, may interfere with the function of HLH
transcription factors in erythroid cells.

The HLH proteins discussed here are all capable of inter-
acting with E-box (CANNTG) elements in erythroid cell-spe-
cific genes. The sequence of the E box and flanking nucleotides
determines the affinity with which individual HLH proteins
interact. Therefore, most E boxes will preferentially interact
with a specific member of the HLH family of proteins. How-
ever, some E-box elements are known to interact with different
HLH proteins and the abundance of HLH proteins in the cell,
as well as the sequence context of the DNA element they
interact with, e.g., the presence of additional transcription fac-
tor-binding motifs, will determine which of the HLH proteins
occupies a specific site at a given time. In the following sec-
tions, we will review the known activities of HLH proteins and
then outline mechanisms and factors regulating the abundance
and activities of HLH during erythroid cell differentiation.

USF1 AND USF2

USF1 and USF2 are ubiquitously expressed members of the
bHLHZIP family of transcription factors (23). These proteins
usually interact with DNA as heterodimers but also form ho-
modimers (Fig. 1). Interestingly, the presence and abundance
of heterodimers (USF1/USF2) or specific homodimers vary in
different cell types and at the various stages of cellular differ-
entiation (119). This suggests that the different dimeric forms
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of USF could exert unique functions; however, mice deficient
in either USF1 or USF2 are viable, whereas the combined
deficiency leads to early embryonic death (118). Therefore,
homodimers are able to replace many of the vital functions of
the USF heterodimer during development and differentiation.
Both USF1 and USF2 contain a USF-specific region (USR) at
the N terminus, followed by a short basic DNA-binding do-
main, the HLH domain, and a leucine zipper at the C terminus
(Fig. 1) (23). For the rest of this minireview, we will refer to the
heterodimer composed of USF1and USF2 as USF.

Early in vitro studies have shown that USF activates tran-
scription by binding to the E-box sequence CACGTG and
assisting in the recruitment of the TFIID complex to the pro-
moter (16, 113, 114). Subsequent studies in the Roeder labo-
ratory identified a USF-associated coregulator protein com-
plex, referred to as USA (USF-stimulating activity) (91).
Further purification of this coregulator fraction identified both
negative cofactors (NCs) and positive cofactors (PCs) (59).
One of the NCs, NC2, represses TATA-dependent transcrip-
tion and mediates transcription complex assembly on genes
containing a downstream promoter element (115, 141, 145).
The PC fraction included topoisomerase I (PC3) (68) and PC4
(Sub1 in yeast), a 15-kDa protein that activates the transition

from initiation to early transcription elongation via interac-
tions with TFIIH (38).

Recent studies have shown that USF interacts with different
histone-modifying proteins, including the histone acetyltrans-
ferases (HATs) PCAF, SRC-1, and CBP/p300, as well as with
the H3K4 methyltransferase-containing Set1 complex and the
H4R3-specific methyltransferase Prmt1 (26, 55, 76). Both
methylated H3K4 and H4 asymmetrically dimethylated at R3
are associated with permissive or actively transcribed gene loci
(44, 67). USF proteins also interact with DNA-binding tran-
scription factors, including the ubiquitously expressed proteins
TFII-I (112), nuclear factor Y (NF-Y), Sp1, and the AP1-like
transcription factors MafB and NF-E2, an erythroid/myeloid
cell-specific heterodimer composed of p45 and a small Maf
protein (41, 107, 154, 155).

USF regulates the transcription of many genes during cel-
lular differentiation, mostly through aiding in the recruitment
of transcription complexes. FitzGerald et al. (36) recently an-
alyzed the occurrence of 8-mer sequences in 13,010 human
promoters that cluster within 100 bp of the transcription start
site (TSS). Binding sites for USF were found to be commonly
associated with TSSs. Using genome-wide interaction studies,
Rada-Iglesias et al. (104) demonstrated that both USF1 and
USF2 interact with thousands of genomic loci in a liver cell
line. Most of these loci were bound by both USF1 and USF2,
emphasizing the fact that the heterodimer is the predominant
USF species. However, some genomic loci associate with USF2
but not USF1 (104). Importantly, the USF2-only sites, in con-
trast to those interacting with both USF1 and USF2, were
largely located relatively far away from the genes and were
associated with the presence of binding sites for tissue-specific
regulatory proteins like HNF4, FOXA2, and FOXA1. It has
previously been shown that USF proteins can form bivalent
heterotetramers using their LZ domains (35). USF2 ho-
modimers interacting at distal regulatory sites could thus in-
teract with USF heterodimers at gene-proximal sites, which
would mediate proximity between distant regulatory DNA el-
ements and gene promoters.

The genome-wide USF interaction map led to two important
conclusions with regard to USF’s role in transcription complex
recruitment (104). First, most of the USF interaction sites are
close to the TSSs of genes and binding of USF correlates with
active transcription. Second, the interaction of USF positively
correlates with increased levels of acetylated histone H3. These
data are consistent with the notion that USF exerts mainly
positive effects on the transcription of genes and that part of its
function is mediated by the recruitment of histone H3-specific
HAT activity. In this respect, it is interesting that USF recruits
the histone methyltransferase PRMT1 to chromatin and, fur-
thermore, that asymmetric dimethylation of H4R3, mediated
by PRMT1, facilitates the acetylation of H3 (76).

Although USF is a ubiquitously expressed transcription fac-
tor, it appears to function mostly in the context of differenti-
ated cells. Several reports have documented increased USF
protein levels or DNA-binding activity during cellular differ-
entiation. For example, during the differentiation of erythroid
cells, there is an increase in USF1 and USF2 protein levels
(79). Similarly, Kirito et al. (66) reported that thrombopoietin,
the main mediator of platelet production, induces the expres-
sion of USF1. Furthermore, increased USF levels have also

FIG. 1. Structures and DNA sequence preferences of USF1 and
USF2 and proteins that interact with them. USF1 and USF2 contain
nuclear localization sequences (NLS), as well as basic region (BR),
HLH, and LZ domains in the CTD-specific region and a USR in the
N-terminal domain. USF heterodimers preferentially associate with
the E-box sequence CACGTGAC but also interact with pyrimidine-
rich initiator elements in conjunction with transcription factor TFII-I.
Proteins documented to interact with USF proteins are listed at the
bottom (references are in brackets).
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been observed during the differentiation of osteoclasts, Sertoli
cells, and mast cells (85, 144, 152).

In addition to modulating the expression of tissue-specific
genes, USF also plays a role in regulating components of the
cell cycle, including cyclin-dependent kinases (e.g., Cdk4) and
cyclins (e.g., B1) (20, 24, 101, 128). However, although USF
promotes transitions during the cell cycle, it has antiprolifera-
tive activity as well (83). It antagonizes the function of onco-
genes like Myc, E1A, and Ras and activates the expression of
the genes for the tumor suppressors p53, BRCA2, and APC
(21, 23, 83).

USF has been shown to regulate genes during the differen-
tiation of erythroid cells, including the gene for HoxB4, an
important transcription regulator that stimulates the prolifer-
ation and differentiation of erythroid progenitor cells, the gene
for glycophorin B, and the gene for adult �-globin (13, 25, 42).
Transgenic mice expressing a dominant negative form of USF
revealed a defect in erythroid cell differentiation and reduced
expression of key erythroid transcription factors, including NF-
E2, GATA-1, EKLF, and Tal1, which all contain E-box motifs
in DNA regulatory elements (78). Thus, USF regulates the
expression of erythroid transcription factors and cooperates
with these factors in the activation of erythroid cell-specific
genes.

In addition to its role in activating gene expression, USF also
contributes to the barrier activity of the HS4 insulator in the
chicken �-globin gene locus (55, 140). USF recruits different
chromatin-modifying enzymes to cHS4 which are thought to
establish active chromatin marks and to prevent the spread of
heterochromatin into the active globin gene locus. The involve-
ment of USF in barrier/insulator activity has also been sug-
gested by studies of the human erythroid cell-specific �-spec-
trin gene locus (39).

TFII-I

Transcription factor TFII-I was originally identified as a
protein capable of binding to the initiator (INR) and mediating
the transcription of a TATA-less, INR-containing promoter
(112). Subsequent cloning and sequencing of its cDNA re-
vealed that it is a relatively large transcription factor of �110
kDa. It has six R repeats (R1 to R6), each containing an HLH
motif (Fig. 2) (111). Like USF, TFII-I also contains a leucine
zipper (LZ), a basic region (b), and a nuclear localization
domain. Because of the unusual structure of TFII-I, with its
multiple HLH domains, it is not considered a classical HLH
protein. Many studies have implicated TFII-I in the positive
regulation of gene expression. For example, TFII-I has been
shown to interact with USF and to associate with either E-box
elements or initiator sequences to activate gene transcription
(29, 112). Genes positively regulated by TFII-I include the
c-fos gene and genes regulated in response to endoplasmic
reticulum stress (63, 100, 108). There are also a number of
genes that are transcriptionally suppressed by TFII-I. For ex-
ample, Roy and colleagues recently demonstrated that TFII-I
inhibits the expression of genes that are essential for osteogen-
esis (71). Also, TFII-I represses the transcription of the vas-
cular endothelial growth factor gene in endothelial cells and of
the �-globin gene in erythroid cells by binding to the initiator
element of these genes (25, 87). The repression of initiator

containing promoters by TFII-I could be brought about by its
interaction with Myc (110). Moreover, the inhibitory effect of
TFII-I on transcription is mediated by its ability to recruit
corepressor complexes, including histone deacetylase 3
(HDAC3) (25, 133), histone H3K4-specific demethylase LSD1
(48), and components of the polycomb repressor complex (26).

The activity of TFII-I is regulated by signal transduction
pathways (109), and like USF, it activates the expression of cell
cycle regulators, including cyclin D1 and protein kinase C-�,
thus mediating cell cycle progression through the G1-to-S and
G2-to-M phases of the cell cycle (4). TFII-I is phosphorylated
at tyrosine residues, which regulates its abilities to relocate to
the nucleus and to interact with specific proteins (19, 96, 149).
Phosphorylation by Bruton’s tyrosine kinase allows TFII-I to
interact with phospholipase C-� (PLC-�) in the cytoplasm (14).
This interaction prevents the association of PLC-� with tran-
sient receptor potential channel 3, which mediates the PLC-�-
dependent entry of Ca2� ions into cells. Calcium is an impor-
tant mediator of signaling pathways and regulates many
cellular processes, including the cleavage of transcription fac-
tors by Ca2�-dependent proteases (97). Thus, TFII-I’s associ-
ation with PLC-� inhibits the entry of calcium into the cell and
may indirectly change the activity of other transcription fac-
tors.

TFII-I is a member of a family of I repeat-containing pro-

FIG. 2. Structure and DNA sequence preferences of TFII-I and
proteins that interact with it. The gene for TFII-I contains six repeat
regions, each encoding an HLH domain. In addition, an LZ motif, a
nuclear localization sequence (NLS), a basic region (BR), and two Ph
domains are located in the C terminus. TFII-I associates with USF and
interacts with pyrimidine-rich initiator elements or E-box motifs. Pro-
teins documented to interact with TFII-I are listed at the bottom
(references are in brackets).
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teins that are expressed from genes located on human chro-
mosome 7. Haploinsufficiency associated with this genomic
region causes Williams-Beuron syndrome (WBS), a disease
affecting the development of the neuronal system (108, 109).
Recently, the Roy and Bayarsaihan laboratories generated
mice with targeted deletions of the gene for TFII-I (Gtf2i) and
the gene for the related protein Gtf2ird (34). Both homozy-
gous mutations are embryonic lethal and reveal defects that
are consistent with their roles in WBS but also point to impor-
tant functions of these proteins in nonneuronal tissues.

TFII-I has three different isoforms (alpha, beta, and delta)
that are generated by alternative splicing (108, 109). In serum-
starved cells, the beta isoform was shown to associate with the
c-fos promoter and to keep the promoter accessible while in an
inactive state (49). After serum stimulation, the delta isoform
is tyrosine phosphorylated, enters the nucleus, and replaces the
beta isoform at the c-fos promoter to activate transcription.

TAL1/SCL

Tal1/SCL (referred to here as Tal1) is a hematopoiesis-
specific HLH protein that dimerizes with members of the E-
protein family, including E2A (E12 and E47), HEB, and E2-2
(Fig. 3) (73, 103). Deficiency of Tal1 causes embryonic lethality
at 9.5 days postcoitum (dpc) due to a total lack of yolk sac
hematopoiesis (103). Tal1 is among the earliest expressed tran-
scription factors important for the specification of hematopoi-
etic cells. Elegant genetic experiments have shown that, in
addition to being required for the early commitment of hema-
topoietic cells, Tal1 also plays a fundamental role in the reg-
ulation of erythroid cell- and megakaryocyte-specific gene ex-
pression programs (50, 60, 92). This is consistent with the
expression profile of Tal1 during hematopoiesis. It is expressed
in HSCs and hematopoietic progenitor cells but downregu-
lated during the differentiation of most hematopoietic cell lin-
eages, except during erythropoiesis and megakaryopoiesis (73,
103). In erythroid cells, at least a fraction of Tal1 interacts with
the erythroid cell-specific transcription factor GATA-1 and the
coregulators LMO2 and Ldb1 (69, 138, 148). This multiprotein
complex associates with composite DNA elements containing
an E box and a GATA-binding site separated from each other
by 9 or 10 bp (50, 138). E-box/GATA sites have been identified
in DNA elements regulating the expression of erythroid cell-
specific proteins, including p4.2 and EKLF (3, 138, 146). In-
terestingly, data from the Brandt laboratory suggest that sin-
gle-stranded DNA-binding proteins mediate the assembly of
the Tal1/GATA-1 multimeric complex at E-box/GATA sites
(148).

Like other HLH proteins discussed here, Tal1 functions both
as an activator and as a repressor of transcription. Early work in
the Brandt laboratory characterized Tal1-associated corepressor
protein complexes containing HDAC1 and HDAC2, as well as
mSin3A and the chromatin remodeling factor Brg1 (54, 147).
More recent work identified additional corepressor proteins, es-
pecially the histone demethylase LSD1, ETO-2, the ETO-re-
lated protein Mtgr1, and Gfi-1b, which associate with Tal1 in
erythroid cells (12, 43, 52, 90, 116). ETO-2 is expressed in
undifferentiated erythroid progenitor cells and downregulated
during erythroid cell differentiation (80). It interacts with
HDACs, with the mSin3A corepressor, and with the E proteins

of the Tal1 heterodimer (2, 116). Gfi-1b is a DNA-binding
oncoprotein containing a SNAG repressor domain which in-
teracts with HLH proteins, including Myc, and represses tran-
scription (70, 106). Previous gain-of-function and loss-of-func-
tion experiments have implicated Gfi-1b in erythropoiesis (40).

In addition to interacting with corepressors, Tal1 associates
with the coactivators p300 and P/CAF, which both contain
HAT activities (56, 57). Tal1 itself is acetylated by P/CAF
during the differentiation of erythroid cells and, importantly,
acetylation of Tal1 disrupts its interaction with corepressors
(56). It is likely that Tal1 exists as part of different protein
complexes in erythroid cells. The relative abundance of Tal1-
associated repressing and activating protein complexes appears
to change during the differentiation of erythroid cells, perhaps
with a shift toward association with activating complexes at
later stages of erythroid cell differentiation (53).

The association of coregulator complexes with known his-
tone-modifying activities suggests that one function of Tal1 is
to establish chromatin states that are compatible or not com-

FIG. 3. Structure and DNA sequence preferences of Tal1 and pro-
teins that interact with it. Tal1 contains an HLH domain and a basic
region (BR) in the CTD, as well as an activation domain (AD) and a
nuclear localization sequence (NLS) in the N-terminal domain. The
Tal1 gene contains a short upstream open reading frame (uORF). Tal1
associates with E proteins and binds to E-box elements, with a pref-
erence for the sequence CAGCTG. Tal1 also forms a large complex
consisting of GATA-1, LMO2, and Ldb1 and binds to composite
elements containing an E box and a GATA site separated by about 9
bp or to a GATA sequence only. The recruitment of Tal1 to CACCC
motifs is likely mediated by proteins that have not been identified yet.
Proteins documented to interact with Tal1 are listed at the bottom
(references are in brackets).
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patible with the assembly of elongation-competent transcrip-
tion complexes. Moreover, the Tal1/GATA-1-associated pro-
tein Ldb1 is required for the establishment of proximity
between the locus control region (LCR) and the actively tran-
scribed adult �-globin gene and mediates the efficient recruit-
ment of pTEFb (transcription elongation factor B) to the
�-globin gene promoter (121, 122). pTEFB stimulates tran-
scription elongation by phosphorylating the C-terminal do-
main (CTD) of RNA polymerase II (Pol II), as well as the
elongation factor DSIF (DRB-sensitive inducing factor) (9).

Not all of the functions associated with Tal1 during hema-
topoiesis and erythropoiesis require Tal1’s ability to bind DNA
directly. In fact, mutant mice expressing a DNA-binding-defi-
cient Tal1 protein survive beyond 9.5 dpc, the time when Tal1-
null embryos die (102). Analysis of these mice revealed that
direct DNA binding of Tal1 is not required for its function
during the earlier specification of hematopoietic cells but may
be more important for activating gene expression at later
stages of erythroid cell differentiation. The Porcher and Vyas
laboratories recently conducted an elegant and important
study to identify target genes of Tal1 during the differentiation
of erythroid cells (61). Ter119-negative erythroid progenitor
cells were isolated from the livers of fetal wild-type mice and
from mice expressing the DNA-binding mutant form of Tal1
and subjected to chromatin immunoprecipitation-sequencing
analysis using antibodies specific for Tal1 and to expression
analysis by microarrays. The data demonstrate that Tal1 asso-
ciates with thousands of genomic loci in erythroid progenitor
cells. However, only a small fraction of genes proximal to
Tal1-binding sites change expression in cells expressing the
DNA-binding mutant form of Tal1. Among the genes that did
reveal expression changes between wild-type cells and cells
expressing the DNA-binding mutant form of Tal1 were those
that express proteins whose functions include transcription
regulation, signaling, cell cycle regulation, nucleosome assem-
bly, ubiquitination, apoptosis, and cell proliferation. Interest-
ingly, Tal1 associates with many genes encoding transcription
regulators, including GATA-1, LMO2, Ldb1, E2A, Bcl11a,
NF-E2, EKLF1, BACH1, Myb, and Myc (61). All of these
proteins have been implicated in the regulation of erythropoi-
esis. However, the transcription of these genes is not perturbed
by the DNA-binding-defective mutant Tal1 protein, despite
the fact that some of these genes, such as those for EKLF and
Tal1, contain functional E boxes in regulatory DNA elements.

The study by Porcher and colleagues also identified novel
DNA sequences that constitute preferred genomic Tal1-bind-
ing sites (61). The preferred E box for Tal1 appears to be
CAGCTG; however, genomic Tal1-binding sites were also en-
riched for CACCC and CTGCCA/TGNNG motifs, the latter
of which has previously been associated with GATA-1 occu-
pancy in erythroid cells (153). This further demonstrates that
many of the functions of Tal1 are not dependent on direct
DNA binding but may instead be mediated by the interaction
of Tal1 with other DNA-binding activities, e.g., GATA-1. In-
terestingly, most of the sites that associate with the DNA-
binding-defective mutant form of Tal1 are located in distal
regulatory elements, suggesting that enhancer elements recruit
Tal1 mainly by protein-protein interactions rather than by di-
rect DNA binding (61).

Adult hematopoietic stem cells express both Tal1 and the

related HLH protein Lyl1, which is important for B-cell devel-
opment (123). Tal1 and Lyl1 function redundantly in maintain-
ing HSC function. A recent report by Wilson et al. demon-
strated that Tal1 and Lyl1 function within the context of five
other transcription factors that play important roles in hema-
topoiesis, LMO2, GATA2, Runx1, ERG, and FLI-1 (142).
Direct interactions between Tal1 and Runx1, GATA2, and
ERG have been documented, suggesting that these proteins
function together in regulating gene expression patterns in
stem and hematopoietic progenitor cells.

MYC

Myc proteins are a family of highly related oncoproteins that
play important roles in cellular proliferation and cell cycle
control (27, 31). The most prominent member of this family is
c-Myc, here referred to as Myc. Like USF, Myc interacts with
classical E-box elements. Flanking nucleotides have predictive
value for the interaction of USF and are thus able to favor or
disfavor interactions with USF or Myc (28). Myc has been
shown to regulate transcription mediated by all of the three
major RNA Pols (I, II, and III) (27, 31).

The structure of Myc is similar to that of USF (Fig. 4). It

FIG. 4. Structure and DNA sequence preferences of Myc and pro-
teins that interact with it. Myc contains a basic region (BR), an HLH
domain, and an LZ in the CTD. Two Myc-binding elements (MB1 and
MB2) and a nuclear localization sequence (NLS) are located in the
N-terminal domain (NTD). Myc interacts with Max and binds to E-box
motifs preferentially with CG, CA, TG, and CG residues in the center.
It also interacts with genomic regions that lack E-box sequences; these
associations are likely mediated by the interaction of Myc with other
DNA-binding proteins. Proteins documented to interact with Myc are
listed at the bottom (references are in brackets).
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contains a basic region, an HLH domain, an LZ domain at the
C terminus, and regulatory domains in the N terminus, includ-
ing two specific regulatory domains that are called Myc box 1
(MB1) and MB2. MB1 is subject to phosphorylation, which
stabilizes Myc and modulates its ability to interact with other
proteins (17, 84, 135). Myc dimerizes with Max, another
bHLHZIP transcription factor. Heterodimerization with Max
is required for DNA binding (5, 120). Although the Myc/Max
heterodimer can function as an activator or a repressor of
transcription, in embryonic stem cells, this complex predomi-
nantly stimulates transcription elongation at genes that harbor
paused RNA Pol II (45, 105). Myc-mediated stimulation of
transcription elongation is brought about by its recruitment of
transcription elongation factor pTEFB (30, 105). Many
proteins have been shown to directly interact with Myc, includ-
ing transcription factors, coregulators like CBP/p300 and
DNMT3A, and components of the basal transcription machin-
ery (Fig. 4) (8, 107, 136).

The genome-wide analysis of Myc binding revealed that it
binds to regions containing E-box elements and to regions not
containing E-box elements (88, 150). This suggests that Myc is
recruited to genomic DNA either directly or via protein-pro-
tein interactions, similar to Tal1. Current estimates suggest
that Myc directly or indirectly regulates more than 20% of the
genes in stem cells (27, 31).

Although Myc stimulates the proliferation of cells and in
general represses cellular differentiation, Myc activity is re-
quired for the expansion and differentiation of erythroid pro-
genitor cells (37, 46). Expression of Myc is low in slow-cycling
LT-HSCs but increases during the differentiation of ST-HSCs
and erythroid progenitor cells until the erythroblast stage, after
which Myc expression declines (37, 46). This coincides with the
proliferation status of stem/progenitor cells. Overexpression of
Myc in bone marrow leads to an increase in LT-HSC release
from the bone marrow niche and differentiation to ST-HSCs
and hematopoietic progenitor cells (37, 46). In addition to
promoting proliferation of erythroid progenitor cells, Myc also
prevents the premature differentiation of these cells (1). This is
mediated by the inhibition of p27, a negative regulator of
cyclin-dependent kinases, and by blocking of the expression of
erythroid cell-specific transcription factors and coregulators,
including NF-E2, GATA-1, and LMO2. Interestingly, inhibi-
tion of p27-mediated induction of erythroid cell differentiation
by Myc occurred without reversal of the p27-induced arrest of
the cell cycle (1).

ID PROTEINS

ID proteins contain the HLH dimerization motif but lack a
basic DNA-binding domain (62). These proteins interact with
and antagonize the function of tissue-specific E proteins in a
dominant negative fashion. As discussed previously, E proteins
are heterodimeric partners of Tal1. There are four members in
the ID family of proteins, referred to as ID1 to ID4. ID2 has
been shown to promote erythroid cell development (58). This
protein is expressed in CMPs, at reduced levels in GMPs, and
at increased levels in MEPs, suggesting a role for ID2 in reg-
ulating early myeloid lineage decisions. ID2 has been shown to
interact with Pu.1, a hematopoiesis-specific transcription factor
that interacts with and inhibits GATA-1. The interaction be-

tween ID2 and Pu.1 prevents inhibition of GATA-1, which
then promotes erythroid cell differentiation (126). Another
study demonstrated that overexpression of ID1 promotes the
survival and expansion of erythroid progenitor cells (143).

EXPRESSION AND REGULATION OF HLH PROTEINS
DURING ERYTHROID CELL DIFFERENTIATION

During the early stages of erythroid cell differentiation, all of
the HLH proteins discussed here are expressed. The dynamics
of TFII-I expression in the course of erythroid cell differenti-
ation are unknown. Previous studies have shown that the ex-
pression of USF and Tal1 increases while the expression of
Myc decreases during the differentiation of erythroid cells (Fig.
5) (37, 46, 54, 79). Phosphorylation of Tal1 stimulates its ubiq-
uitination, which may allow rapid turnover of Tal1 in early
erythroid progenitor cells (95, 129, 130). The turnover of Tal1
may convert its function from that of a repressor to that of an
activator. Several studies have shown that Tal1, Myc, and USF
are subject to proteolytic cleavage by calcium-dependent pro-
teases during early stages of cellular differentiation (22, 79,

FIG. 5. Model outlining a correlation of erythroid cell differentia-
tion, calcium concentration, and HLH transcription factor activity.
During the differentiation of erythroid cells, there is a transient in-
crease in the intracellular calcium concentration. This activates m-
calpain, causing proteolytic cleavage of USF and Myc. The Myc cleav-
age product Nick, localized in the cytoplasm, may regulate processes
involved in the differentiation of erythroid cells. At later erythroid cell
differentiation stages, the expression of Myc is repressed. The decrease
in the calcium concentration, which may or may not be regulated by
the relocation of TFII-I to the cytoplasm, inhibits calpain activity,
allowing increased expression of full-length USF. Tal1 expression in-
creases during the differentiation of erythroid cells, but proteolytic
degradation in erythroid progenitor cells likely facilitates the conver-
sion of Tal1 from a repressor to an activator. If and how the expression
of TFII-I changes during erythroid cell maturation is unknown. It is
postulated that during the early stages of erythropoiesis, TFII-I, per-
haps in conjunction with USF or Myc, functions as a repressor of
erythroid cell-specific genes.

VOL. 31, 2011 MINIREVIEW 1337



151). USF is subject to cleavage by calpain, a calcium-depen-
dent protease, in undifferentiated erythroid cells (79). Like-
wise, Eisenman and colleagues demonstrated that Myc is sub-
ject to calpain-dependent proteolytic cleavage during early
stages of muscle cell differentiation (22). The Myc cleavage
product Nick, which lacks a nuclear localization sequence, was
shown to stimulate cellular differentiation. If a similar mechanism
operates in erythroid cells, it could explain Myc’s role during early
erythroid cell differentiation. Furthermore, caspase 3 has been
shown to cleave Tal1 (151) and, importantly, caspases are known
to be regulated by calpains (15). This suggests that calcium-de-
pendent proteases regulate the activity of three important HLH
proteins (Tal1, USF, and Myc) during early erythroid cell differ-
entiation.

Previous studies have shown that the calcium concentration
within erythroid cells changes during differentiation (Fig. 5)
(139). The concentration of calcium is low in early erythroid
progenitor cells, increases for a short period of time, and then
decreases thereafter, reaching its lowest concentration in ma-
ture red blood cells. Other reports suggest that there may be
several short periods during the differentiation of red blood
cells that are characterized by a transient increase in the in-
tracellular calcium concentration (93, 131). Nevertheless,
changes in the calcium concentration during erythroid cell
differentiation may be important for the regulation of Myc,
Tal1, and USF. The low concentration of calcium in erythroid
progenitor cells would allow Myc to function in the nucleus to
activate genes involved in cell proliferation and to repress
genes involved in differentiation. As the cells differentiate, the
increase in the calcium concentration activates calpains, lead-
ing to the cleavage of USF, Tal1, and Myc. Cleavage of Myc
would prevent this protein from acting as a repressor of dif-
ferentiation in the nucleus and would allow the Myc cleavage
product Nick to participate in mechanisms leading to the dif-
ferentiation of erythroid cells. Cleavage of USF and Tal1 leads
to rapid turnover of these proteins, which facilitates their con-
version from repressors to activators. The decrease in the cal-
cium concentration at later erythroid cell differentiation stages
increases the activity of USF and, perhaps, Tal1. The increased
expression of USF may favor the formation of active USF1/
USF2 heterodimers and would decrease the formation of re-
pressive USF/TFII-I protein complexes.

The regulation of USF, Tal1, and Myc by calcium-depen-
dent proteases is interesting in light of the fact that TFII-I
is located in the cytoplasm during the differentiation of
lymphocytes and prevents the influx of calcium by interact-
ing with PLC-� (14). A similar mechanism may operate
during the differentiation of erythroid cells, and the reloca-
tion of TFII-I to the cytoplasm and inhibition of calcium
influx would increase the levels of full-length USF and Tal1,
allowing these proteins to participate in the activation of
erythroid cell-specific genes. In this context, it is interesting
that Myc has previously been shown to stimulate the prolif-
eration and differentiation of B lymphocytes by increasing
the intracellular concentration of calcium in B-cell progen-
itors (47). The data suggest common mechanisms involved
in the Myc/TFII-I-regulated proliferation and differentia-
tion of erythroid and lymphoid progenitor cells.

REGULATION OF GENE EXPRESSION BY HLH
PROTEINS DURING ERYTHROID

CELL DIFFERENTIATION

Changes in gene expression programs during cellular differ-
entiation are regulated by a complex network of transcription
factors (81, 82). The abundance and functionality of transcrip-
tion factors are critical for the finely tuned balance of activat-
ing and repressing activities that mediate gene expression pat-
terns at specific differentiation stages. The available evidence
suggests that the HLH proteins discussed here play specific
and nonredundant roles in regulating gene expression pro-
grams during erythroid cell differentiation.

The transcription factor Myc functions early during the pro-
liferation and differentiation of HSCs (37, 46) and promotes
the release of LT-HSCs within their niche in bone marrow.
Myc mediates the activation of cell cycle and antiapoptotic
genes, thereby allowing rapid proliferation of progenitor cells
and inhibiting the premature differentiation of erythroid pro-
genitor cells. Because Myc is capable of interacting with TFII-I
and inhibits the transcription of initiator-containing promot-
ers, these two proteins may prevent the premature transcrip-
tion of erythroid cell-specific genes in erythroid progenitor
cells (110). This repressive complex could also include USF2,
which interacts with TFII-I and is detectable at low levels at the
�-globin gene promoter in undifferentiated murine erythroleu-
kemia (MEL) cells (154).

The functions of Tal1 in early hematopoietic progenitor cells
likely include the regulation of genes required for the mainte-
nance of hematopoietic progenitor cells (73, 103, 132). It ap-
pears that Tal1-associated repressor activity is more prominent
in early progenitor cells, suggesting that one of its functions in
these cells is to prevent the expression of lineage-specific
genes. We must note that the heterodimerization partner of
Tal1, the E2A gene product, is subject to inhibition by the ID
proteins (62). Because many functions of Tal1 in erythroid
progenitor cells are independent of the DNA-binding capabil-
ity of Tal1, we speculate that ID proteins may inhibit or reduce
the sequence-specific binding of Tal1 in these cells. Instead,
Tal1 and associated coregulators, including ETO-2, may be
recruited to their sites of action via other DNA-binding tran-
scription factors. E2A proteins are expressed in HSCs and in
subsets of hematopoietic progenitor cells. HSC repopulation
experiments showed that E2A-deficient bone marrow signifi-
cantly reduced LT-HSC, GM progenitors, and erythroid/mega-
karyocytic progenitor cells, as well as pre CFU-E colonies
(117). The data reveal that E2A proteins play important roles
in maintaining the HSC pool and promoting the differentiation
of both myelolymphoid and myeloerythroid progenitor cells.
Thus, Tal1 and its heterodimeric partner contribute important
functions during HSC pool formation and ID proteins may
transiently interfere with this function during the earliest
stages of erythroid cell lineage specification.

It has been shown that USF interacts with regulatory E-box
elements in the Tal1 gene locus in undifferentiated MEL cells
(78). This interaction decreases upon the differentiation of
these cells, suggesting that USF regulates the expression of
Tal1 in undifferentiated progenitor cells. At later differentia-
tion stages, when the ID proteins no longer inhibit Tal1 het-
erodimers, Tal1 may autoactivate its own gene (53).
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Tal1 and USF both interact with E-box elements and have
been shown to regulate the expression of erythroid cell genes.
Because these proteins are not known to interact with each
other, they are unlikely to interact with the same E box at the
same time. Recent genome-wide analysis of DNA interactions
of these proteins suggests that they have different preferred
target sequences (61, 104). Tal1 can be recruited to DNA
directly via a specific E box that exhibits a consensus motif
slightly different from the one identified for USF. In addition,
Tal1 is often recruited to chromatin in a DNA-binding-inde-
pendent manner (61), a situation that has so far not been
observed for USF. The interactions of USF and Tal1 with
NF-E2 and GATA-1, respectively, could further determine
which DNA sequences they interact with in vivo. Therefore, it
appears that USF and Tal1 are recruited to different genomic
locations due to differences in target site preferences and in-
teractions with different partner proteins that may stabilize
binding to regulatory DNA elements. If USF and Tal1 bind to
the same E box, as has been demonstrated in in vitro studies for
an E box located in the �-globin gene locus (10, 32, 72, 137),
the abundance of the proteins, the location in the nucleus, and
the interaction with other proteins will likely determine if an E
box is occupied by USF or Tal1.

The relationship between USF and TFII-I is incompletely
understood. These proteins interact with each other but ap-
pear to exhibit antagonistic activities in erythroid cells (25,
112). For example, USF activates the transcription of the
�-globin gene, while TFII-I inhibits the expression of this gene
(25). A low concentration of USF in erythroid progenitor cells
may favor the formation of heterodimers with TFII-I. USF
proteins may thus contribute to the repressive activity of
TFII-I. Upon differentiation, the increase in USF proteins
would lead to increased formation of USF heterodimers, which
exert positive effects on erythroid cell-specific gene expression
patterns. Therefore, similar to the situation described for Tal1,
a switch of protein-binding partners may increase the activat-
ing potential of USF during the differentiation of erythroid
cells. The available evidence suggests that the main function of
USF in differentiated erythroid cells is to cooperate with ery-
throid cell-specific transcription factors in the recruitment of
transcription complexes (78, 154).

REGULATION OF GLOBIN GENE EXPRESSION
BY HLH PROTEINS

The main component of a differentiated red blood cell is
hemoglobin, which is a heterotetramer composed of two �-
and two �-globin chains. Each globin chain associates with a
heme group, which binds oxygen with the help of iron atoms.
The �- and �-globin gene loci contain multiple genes that are
expressed in a developmental stage-specific manner (124).
High-level expression of the globin genes is regulated by cis-
acting DNA elements that are located distal or proximal to the
genes (51, 99). The �-globin LCR is a powerful DNA regula-
tory element that is composed of several 200- to 400-bp DNase
I-hypersensitive sites that function together to achieve high-level
expression of the �-type globin genes in an adult erythroid cell
(11, 33). Many transcription factors have been identified over the
last 20 years that participate in the transcriptional regulation of
the globin genes (64, 77, 132). Many of these same transcription

factors are also involved in the regulation of other erythroid
cell-specific genes, including those expressing red cell-specific
membrane proteins (94, 132).

Both Tal1 and USF interact with the LCR element HS2 and
with the adult �-globin gene promoter (32, 61, 72, 137, 154).
There is a conserved E box in the downstream promoter region
of the adult �-globin gene which fits the USF but not the Tal1
preferred E-box sequence (72). USF has the most prominent,
if not the only, binding activity in erythroid cell extracts that
interacts with this site in vitro (72). Thus, Tal1 could be re-
cruited to the LCR by direct DNA binding, but its association
with the adult �-globin gene promoter could be mediated by
other DNA-binding proteins, such as GATA-1. The interac-
tion profile of USF proteins during erythroid cell differentia-
tion is also of interest (154). It appears that USF2 interacts
with LCR HS2 and with the adult �-globin promoter in undif-
ferentiated erythroid cells. The coactivator CBP, which inter-
acts with USF2 in erythroid cells, as well as TFIIB and Pol II,
is already recruited to LCR HS2 in undifferentiated cells. Be-
cause USF has been shown to be required for the efficient
recruitment of transcription complexes to the �-globin gene
locus, the data suggest that USF2 is involved in the priming of
the globin gene locus for activation at subsequent differentia-
tion stages. The increase in USF1 expression during erythroid
cell differentiation could increase the number of USF het-
erodimers interacting with the globin gene locus. The USF
heterodimers recruit Prmt1 to LCR HS2 and to the adult
�-globin gene promoter (76). Prmt1-mediated H4R3 methyl-
ation facilitates the subsequent acetylation of H3 (76), and
these histone modifications could facilitate the transfer of ac-
tivities from the LCR to the �-globin gene promoter, including
elongation-competent transcription complexes (154). Further-
more, increased USF1 expression and interaction with the
�-globin gene locus correlate with the binding of Pol II to the
adult �-globin gene promoter, suggesting that the USF het-
erodimer is required for the efficient recruitment of the tran-
scription complex to the globin gene promoter (154). Tal1 and
associated cofactors mediate proximity between the LCR and
the adult �-globin gene promoter and regulate transcription
elongation via recruitment of the Pol II CTD kinase pTEFB
(121, 122).

It appears that gene loci that are expressed in differentiated
cells are primed for activation in progenitor cells (6, 127). This
is best illustrated by the �- and �-globin gene loci, in which
distal regulatory elements recruit transcription factors and co-
regulators early during the differentiation of erythroid cells (7,
74, 86, 134, 137, 154). The available data suggest that HLH
proteins, specifically, USF and Tal1 but perhaps also TFII-I,
play a profound role in priming gene loci for activation. As
mentioned before, USF2 interacts with the �-globin LCR be-
fore the �-globin gene becomes activated in undifferentiated
MEL cells (154). Furthermore, Tal1 interacts with the �-globin
LCR, as well as with HS12 of the �-globin gene locus, in
erythroid progenitor cells (61, 132). Expression of a DNA-
binding mutant form of Tal1 severely reduces its interaction
with these sites and leads to increased �- and �-globin gene
expression (132, 61). This suggests that Tal1 and associated
corepressors occupy erythroid cell-specific cis-regulatory DNA
elements and keep genes in a primed but inactive configura-
tion. After differentiation, Tal1 is converted to an activator and
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contributes to the high-level expression of the globin genes. A
recent study by Higgs and colleagues found that TFII-I asso-
ciates with the �-globin gene in differentiated erythroid cells
(134). Interestingly, TFII-I localizes to a broad region within
the transcribed �-globin gene, suggesting that TFII-I may play
a role in the process of transcription elongation. In this respect,
like Tal1 and USF, TFII-I may be converted from a repressor
to an activator during the differentiation of erythroid cells.

Figure 6 outlines a hypothesis of how the HLH proteins
regulate the differentiation-dependent expression of a hypo-
thetical erythroid cell-specific gene that is under the control of
a promoter and an enhancer. It is proposed that USF2 binds to
the enhancer region and recruits coactivators and transcription

complexes in erythroid progenitor cells. Transcription of the
enhancer maintains its accessibility through subsequent cell
divisions during erythroid cell differentiation (65, 75). The
Tal1/E-protein/ETO2 complex also interacts with the enhancer
at early differentiation stages and contributes to keeping the
enhancer in a poised but inactive configuration. At this stage,
TFII-I and Myc may be involved in preventing expression by
binding to the promoter and recruiting corepressors. At
subsequent differentiation stages, USF heterodimers and
the heteromeric Tal1 complex containing LMO2 and Ldb1
are recruited to the enhancer and the promoter, replacing
the repressive activities. The USF and Tal1 complexes me-
diate proximity between the enhancer and promoter, facil-
itate the transfer of the transcription complex to the pro-
moter, and stimulate transcription elongation.

CONCLUSIONS

The evidence discussed here points to an important role for
HLH proteins in priming erythroid cell-specific gene loci dur-
ing early differentiation stages. Subsequently, protease-medi-
ated turnover of HLH proteins and increased expression of
interacting erythroid cell-specific transcription factors convert
HLH proteins from repressors to activators. The recent iden-
tification of Tal1- and USF-associated proteins, as well as ge-
nome-wide interaction studies of these proteins, led to great
advances in our understanding of the roles these proteins have
in gene regulation. It is important to continue this line of
investigation and to determine the protein- and DNA-binding
profiles of HLH proteins at different stages of erythroid cell
differentiation. Further mechanistic studies are needed to un-
cover how the HLH proteins repress and activate transcription.
It appears that USF is directly involved in the recruitment of
transcription complexes to DNA, while the Tal1/Gata-1/Ldb1
complex mediates efficient transcription elongation by recruit-
ing the CTD kinase pTEFB and the chromatin remodeling
complex facilitator of chromatin transcription (122). The anal-
ysis of TFII-I-interacting proteins and its genome-wide inter-
action profile in erythroid cells at specific differentiation stages
will shed light on its various functions throughout this process.
Also, the ID proteins should be further studied to evaluate if
and how they affect the function of Tal1 in erythroid progen-
itor cells. Finally, HLH proteins function in the context of a
protein network that involves many other transcription factors
within erythroid cells. Further studies must be performed to
elucidate how HLH proteins coordinate erythroid cell-specific
gene expression programs in conjunction with other erythroid
cell-specific or ubiquitous transcription factors.
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