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Important  roles  of  reversible  acetylation  in 
the  function  of  hematopoietic  transcription  factors

Xiaofang   Huo,   Junwu   Zhang *

National  Laboratory  of  Medical  Molecular  Biology,  Institute  of  Basic  Medical  Sciences,   
The  Chinese  Academy  of  Medical  Sciences  and  Peking  Union  Medical  College,  

Beijing,  China

Received:  October 18, 2004;  Accepted: January 28, 2005

Abstract

Hematopoiesis is a very complex process whose proper functioning requires the regulated action of a number of tran-
scription factors. Histone acetyltransferases (HATs) and histone deacetylases (HDACs) play significant roles in the
regulation of hematopoietic transcription factors activity. Transcription factors such as GATA-1, EKLF, NF-E2,
GATA-1, PU.1 recruit HATs and HDACs to chromatin, leading to histone acetylation and deacetylation, that affect
chromatin structure and result in gene expression changes. On the other hand, transcription factors themselves can
be acetylated and deacetylated by HATs and HDACs, respectively. Consequently, some important functions of these
transcription factors are influenced, including DNA binding, transcription activation, repressor activity and protein-
protein interactions. The regulation of hematopoietic transcription factors activity by HATs and HDACs may serve
as a good model for studying how tissue-specific and lineage-specific gene expression is controlled through acetyla-
tion/deacetylation of histone/nonhistone proteins.
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Introduction

Hematopoiesis is a very sophisticated process
involving many factors, including hormones, hor-
mone receptors, signal transducers, transcription
factors and cell cycle regulators. These factors are
finely tuned by endogenous and exogenous sig-
nals during hematopoietic development. Among
them, transcription factors may play a central role
in lineage choice and differentiation since they
determine the correct expression of the appropri-
ate genes at the right times. Such factors include
GATA-1, FOG (friends of GATA-1), EKLF, 
NF-E2, PU.1, C-myb, TAL-1/SCL and GATA-2.
The functioning and regulation of these transcrip-
tion factors have been the subject of intense
research, thus a good deal of information is avail-
able on the way extracellular signals regulate
transcription factors activity by reversible phos-
phorylation through signaling pathways. In recent
years, however, protein activity control through
other forms of reversible modifications, including
acetylation and deacetylation, attracted more and
more attention. Histone acetyltransferases (HATs)
and histone deacetylases (HDACs) were first
identified as enzymes able to acetylate and
deacetylate histones, but an increasing number of
studies revealed that they could also regulate
other proteins as well, including transcription fac-
tors. Indeed, reversible acetylation plays signifi-
cant role in the functional regulation of
hematopoietic transcription factors. On one hand,
transcription factors are able to recruit HATs and
HDACs to acetylate and deacetylate chromatin
histones, thus changing its structure. On the other
hand, transcription factors themselves can be
acetylated and deacetylated by HATs and HDACs.
This review summarizes the regulatory role
reversible acetylation plays in the function of
hematopoietic transcription factors.

General characters of HATs and
HDACs

HATs and HDACs have been found in all eukary-
otes and some members are highly conserved
from yeast through human. Even in prokaryotes,
there are some proteins showing high homology

to eukaryotic HDACs [1]. Therefore one can infer
that HATs and HDACs may have significant bio-
logical roles. HATs catalyze the transfer of acetyl
groups from acetyl-CoA to lysine residues of tar-
get proteins, while HDACs act to remove these
acetyl groups. The acetylation status of proteins is
thus determined by the relative activity of these
two kinds of enzymes. For histones, lysine
residues targeted for acetylation reside within
their N-terminal tails. When acetylated, histones
have less positive charges due to the loss of 
ε-NH2+ groups on lysine residues, consequently
the interaction of the DNA backbone phosphorous
groups with histones is weakened, the structure of
chromatin becomes relatively lax and genes can
be transcribed more easily. When histones are
deacetylated, the opposite occurs. For other pro-
teins than histones, functions can change accord-
ing to the acetylation status (e.g. the DNA bind-
ing, transcription activation and repressor activity
of transcription factors).

HATs

Histone acetylation was discovered 30 years ago, but
in 1996 the first histone acetylase related to tran-
scriptional regulation was identified [2]. In fact,
HATs have been studied for quite a long time as tran-
scription factors, co-activators or even components
of RNA polymerase. It is now clear that through
acetylating histones and other proteins, they partici-
pate in the whole transcription process. These HATs
are recruited to promoter or enhancer regions by
sequence specific DNA binding proteins, but at least
one HAT, activating transcription factor -2 (ATF-2),
has sequence-specific DNA binding capacity [3], a
property whose physiological significance needs fur-
ther study. Increasing numbers of HATs target pro-
teins, other than histones, have been identified,
including transcription factors such as p53, GATA-1,
EKLF (erythroid Krüppel-like factor), HNF-4 (hepa-
tocyte nuclear factor 4), structural proteins such as
tubulin, and other proteins such as nuclear-import
proteins. Certainly this list will become longer as a
result of future research.

Seemingly homogenous HATs can be classified
into different families showing a high within-family
homology and low to no homology between fami-
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lies. Some human HATs have counterparts in yeast
through mammals while others have not [4].

HDACs

According to the homology degree to their yeast
counterparts, HDACs are divided into three classes
[5] (Table 1). HDACs 1, 2, 3 and 8 are members of
Class I and the closest homologs of the yeast protein
RPD3. Class II contains HDACs 4, 5, 6, 7, 9 and 10,
more similar to the yeast protein Hda1. The yeast
silencing regulator protein Sir2 that plays an impor-
tant role in gene silencing, is the founder member of
class III HDAC. In humans, there are seven members
of this class, named SIRT 1-7. The activity of class I
and class II HDACs can be inhibited by some com-
mon small molecules such as trichostatin A (TSA)
and n-butyrate. Class III HDACs are not sensitive to
TSA or n-butyrate, but to nicotinamide, a physiolog-
ical product of deacetylation reactions catalyzed by
class III HDACs. Class III HDACs are collectively
termed sirtuins and their functions are largely
unknown. Recent work shows the major protein tar-
gets of sirtuins are transcription factors including
p53, FOXO (forkhead transcription factors) family

members, NF-κB (nuclear factor κB) and Ku70 [6].
Due to their substrate and activity specificity, it is
assumed that sirtuins may modulate cell fate under
specific stress  and metabolic conditions. Another
characteristic of class III HDACs is that their activi-
ty is dependent on NAD+. Therefore, HDACs can
also be classified according to NAD+ requirement
into two groups: "classical" HDACs, whose activity
is NAD+-independent, including Class I and Class II,
and NAD+-dependent HDACs comprising sirtuins.

Regulation of hematopoietic
transcription factors by reversible
acetylation

GATA-1

GATA-1 is expressed in erythroid cells, megakary-
ocytes, eosinophils, mast cells and Sertoli cells of the
testis [7, 8]. GATA-1 protein is a zinc finger tran-
scription factor required for the survival and matura-
tion of erythroid precursor cells. GATA-1 null mice
show anemia resulting from impaired differentiation
and maturation of erythroid cells [9]. Important
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Class I Class II Class III

Yeast RPD3 Hda 1 Sir2

HOS1

HOS2

HOS3

Human RPD3 HDAC4 SIRT1

HDAC1 HDAC5 SIRT2

HDAC2 HDAC6 SIRT3

HDAC3 HDAC7 SIRT4

HDAC8 HDAC9 SIRT5

HDAC10 SIRT6

SIRT7

Table 1: Classification of HDACs in yeast and human



GATA-1 binding sites are found at the globin gene
promoters, the DNase I-hypersensitive sites (HSs) in
the locus control region (LCR) of β-globin gene clus-
ter, as well as in the regulatory sequences of many
other erythroid-specific genes [10]. The highly con-
served N-terminal zinc-fingers in GATA-1 are
required for interacting with many other protein fac-
tors such as FOG (friends of GATA), EKLF, LMO2
(a member of the LIM-only family of transcription
factors) and CREB binding protein (CBP) [11].

Boyes et al. first reported that GATA-1 could be
acetylated by the transcriptional cofactor CBP/p300
in vivo and in vitro and the acetylation directly stim-
ulated GATA-1-dependent transcription [12].
CBP/P300 acetylates GATA-1 at conserved lysine-
rich domains near the C-terminal tails of both zinc
fingers, and acetylation is precluded in vitro when
these domains are mutated or deleted. CBP-mediated
acetylation of murine GATA-1 did not change its
DNA-binding activity, nor did mutations at the major
acetylation site, although the latter impaired its bio-
logical activity. Given the above results, Hung et al.
demonstrated that acetylation in either motif does not
regulate nuclear localization, DNA binding, or pro-
tein stability [13]. One possibility is that acetylation
leads to a conformational change of GATA-1,
increasing the accessibility of transcriptional regula-
tory proteins to the chromatin template. At the same
time, acetylation motifs might represent docking
sites for co-activators and repressors, therefore
acetylation might positively or negatively regulate
their binding affinity. 

GATA-1 acetylation may lead to a tissue-specif-
ic histone acetylation pattern, which is permissive
for high levels of globin gene expression [14].
GATA-1 stimulates acetylation of both histone H3
and H4 at the LCR and the β-major-globin gene pro-
moter. Time course experiments further demonstrat-
ed that GATA-1 occupancy of GATA elements
induced recruitment of CBP, resulting in histone
acetylation and globin gene expression. Thus,
GATA-1 directly contributes to the recruitment of
acetyltransferases to β-globin locus. This finding sup-
ports data showing a low level of globin gene expres-
sion in the absence of GATA-1, when a substantial
amount of NF-E2 is already present at HS2, but
hyperacetylation at HS2 still needs GATA-1 [15].
Furthermore, both NF-E2 and EKLF proteins are pre-
sent in cells lacking GATA-1 (proerythroblast-like
G1E cells, derived from GATA-1-null murine embry-

onic stem cells) and do not undergo substantial
increase upon GATA-1 activation [16]. Thus,
GATA-1 appears to be the limiting factor for acetyl-
transferase recruitment.

Some studies demonstrated that GATA-1 interacts
with HDACs 1, 3, 4 and 5, although GATA-1 binds in
vitro to HDACs 3, 4 and 5 but not HDAC1. Among
these histone deacetylases, HDAC5 is present at high
level in the nuclear extract of mouse erythroleukemia
(MEL) cells, and represses the transcriptional activity
of GATA-1. The amino-terminal zinc finger of
GATA-1 has been found, using a pull-down assay, to
be essential for GATA-1 interaction with HDAC5,
and is also the binding site of FOG-1. These observa-
tions suggest that the amino-terminal zinc finger of
GATA-1 is essential for normal erythropoiesis. These
data also indicated that HDAC5 may hinder normal
erythropoiesis by restraining the transcriptional activ-
ity of GATA-1, consistent with the significant
decrease in GATA-1 association with HDAC5 over
the course of MEL cells differentiation [17].

NF-E2 (nuclear factor E2)

NF-E2 plays a critical role in erythroid and
megakaryocytic gene expression. This basic-zipper
(b-Zip) transcription factor is a heterodimer consist-
ing of p45NF-E2 and a wider expressed small subunit
p18, which is a member of the small Maf proteins
family [18, 19]. p45 contains the trans-activation
domain and p18/Maf protein comprises the DNA-
binding motif. Functional NF-E2 binding sites are
found in a variety of regulatory elements controlling
erythroid-specific gene expression, including the cis-
acting elements within the human  α-and β-globin
loci as well as in regulatory modules of genes whose
products are involved in iron metabolism [18].

In vitro binding studies suggested a direct physical
interaction between the N-terminal activation domain
of p45 NF-E2 and CBP. However, a recent study
showed that interaction between NF-E2 and CBP
leads to potent acetylation of Maf but not p45. The
acetylation sites are four conserved lysine residues in
the Maf DNA-binding domain. Maf acetylation stim-
ulates DNA binding activity and transcriptional acti-
vation by NF-E2 [20]. Other interesting findings
demonstrated that high levels of histone H3 and H4
acetylation at HS2 and HS3 of the β-globin LCR
were independent of p45 NF-E2, but histone acetyla-
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tion at the β-globin promoter was reduced in p45/NF-
E2 null erythroleukemia CB3 cells [21]. Thus it is
possible that LCR-bound NF-E2 might interact with
the promoter indirectly through other promoter-
bound transcription factors or via an LCR-coupled
looping mechanism [22]. Murine p45/NF-E2 con-
tains two WW domain-binding motifs, PPXY-1 and
PPXY-2, PPXY-1 being required for β-globin tran-
scription activation [23]. This PPXY-1 function may
rely on the interaction with a co-regulator distinct
from CBP/P300 because the PPXY-1 mutant does not
impair the recruitment of CBP/P300 to HS2 [24].
Thus PPXY-1 might mediate essential chromatin
remodeling events. Hence we hypothesize that inter-
action between NF-E2 and CBP might have two func-
tions: modulation of NF-E2 activity and regulation of
chromatin structure.

It is important to point out that NF-E2 activity
on chromatin remodeling cannot be completely
attributed to HAT. A study showed that NF-E2
could trigger chromatin remodeling at HS2 by
recruiting an ATP-dependent chromatin-remodeling
complex in vitro [25].

EKLF (erythroid Krüppel-like factor)

EKLF is expressed in erythroid, megakaryocytic and
mast cells [26]. This protein includes three C2H2 type
zinc finger at its C-terminus [27]. EKLF binds to
CACCC elements located in the proximal promoter
region of the adult expressed β-globin in mice and
human. Its activity is crucial for consolidating the
switch to high levels of adult β-globin expression
during erythroid ontogeny. Absence of EKLF
induced by gene inactivation in mice leads to lethal β
-thalassemia. EKLF activation of the β-globin gene
is dramatically enhanced by the LCR HS2 locus and
the β-globin promoter, suggesting an important role
for EKLF in regulating chromatin structure [28].
EKLF can interact with PCAF (p300/CBP associated
factor) and CBP/P300 but only CBP/P300 acetylates
EKLF and stimulates its transcriptional activity.
EKLF acetylation occurs at two lysine residues, one
in the activation domain (lysine 288), the other in the
zinc-finger domain (lysine 302). Directed mutagene-
sis of Lys-288 decreased the ability of EKLF to
transactivate the β-globin promoter in vivo, while
mutagenesis of Lys-302 did not [29, 30]. Acetylation
did not affect the DNA-binding activity of EKLF, but

stimulated SWI/SNF chromatin remodeling complex
recruitment, resulting in the formation of ERC-1
(EKLF co-activator remodeling complex-1), chro-
matin remodeling and transcriptional activation of
β-globin. There are three possible explanations of
these data. First, histone acetylation and transcrip-
tional activation are associated; second, β-like
globin locus is enriched in acetylated histones in
erythroid cells; third, HATs utilize multiple mecha-
nisms to serve as bridging molecules between activa-
tors and the basal transcription machine, allowing the
access of other DNA-binding proteins. EKLF can
also function in vivo as a transcription repressor and
play an additional role in regulating erythroid gene
expression and differentiation. Chen et al. found that
EKLF could interact with the co-repressors
mSin3A/HDAC1 through its zinc finger domain;
EKLF repressive activity could be reverted by the
HDAC inhibitor TSA. This function depends on for-
mation of a protein-protein complex that effectively
recruits co-repressors and/or HDACs to a target pro-
moter [31].

GATA-2

GATA-2 is abundantly expressed in immature ery-
throid progenitors and declines over the course of
maturation. It is also found in other cell types [32,
33]. Studies on GATA-2 deficient mice have shown
that it plays an important role during the early stages
of erythropoiesis. Suppression of GATA-2 in later
stages of differentiation is required for normal ery-
thropoiesis [34].

GATA-2 can be acetylated in vitro by p300 and
GCN5 leading to an increase in its DNA binding
activity. Furthermore, GATA-2 displayed a transcrip-
tional synergism with p300 that was impaired by
mutation of each acetylation site. This suggests that
acetylation provides multiple control points for the
regulation of GATA-2 function [35]. GATA-1 and
GATA-2 both are acetylated. It is conceivable that as
GATA-1 levels rise, GATA-1 recruits CBP/P300
away from factors required for proliferation of pre-
cursor cells, such as GATA-2, using them for the
activation of differentiation-specific genes. GATA-1
triggers GATA-2 repression by means of disrupting
positive autoregulation, followed by establishment of
a domain-wide repressive chromatin structure [36].
Ozawa et al observed that HDACs, HDAC3 in par-
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ticular, interact with GATA-2 to repress its transcrip-
tional activity. So both acetylation and deacetylation
are important for the function of this transcription
factor [37]

TAL-1/SCL (stem cell leukemia factor)

TAL-1/SCL is a transcriptional factor with a basic
helix-loop-helix (bHLH) motif [38, 39]. TAL-1/SCL
binds to E-box (CAGGTG) DNA elements as a het-
erodimer with the products of other bHLH genes,
including E12 and E47 [40]. These heterodimers also
participate in a transcription complex including

GATA-1, LMO2, Ldb-1 [41]. TAL-1/SCL is
expressed in early hematopoietic progenitors and in
more mature megakaryocytes, erythroid and mast
cells. TAL-1/SCL expression is high in erythroid
cells and plays important roles in their differentiation
[42]. Abnormal expression of TAL-1/SCL within T-
lymphocytes is associated with acute T-cell
leukemia. TAL-1/SCL function is also associated
with acetylation and deacetylation. For example,
TAL-1/SCL can be acetylated by p300 and PCAF
(P300/CBP-associated factor) in vitro and in vivo
[43, 44]. The PCAF  acetylation sites of TAL-1/SCL
map to a lysine-rich motif in the bHLH region. In dif-
ferentiated erythroleukemia cells, increased TAL-
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Hematopoietic
transcription

factors
HAT

Effect of 
acetylating 

transcription factor
itself

DNA
binding 
activity

Site of histone
acetylation HDAC Effect of

deacetylation

GATA-1 CBP/P300

β-globin 
gene expression 

not
changed β-globin LCR HDAC4/5 erythroid 

differentiation 
erythroid 

differentiation 

NF-E2 CBP/P300 transcriptional 
activation increase β-globin pro-

moter - -

EKLF CBP/P300 transcriptional 
activation

not
changed

β-globin LCR
& promoter? mSin3A/HDAC1 transcription 

repression

PCAF transcriptional 
activation

not
changed - - -

GATA-2 CBP/P300 erythroid 
differentiation increase - HDAC3 erythroid 

differentiation 

TAL-1/SCL P300 erythroid
differentiation increase - mSin3A/HDAC1 erythroid 

differentiation 

PCAF erythroid 
differentiation increase - - -

c-Myb P300 transcriptional 
activation

not
changed - - -

hGCN5 transcriptional 
activation

not
changed - - -

PU.1        keeps the balance between cell proliferation and maturation presumably by regulating the 
acetylation status of hematopoietic transcription factors and histones

Table 2. The roles of acetylation & deacetylation in the function of hematopoietic transcription factors



1/PCAF interaction, TAL-1 acetylation and TAL-1
DNA binding activity are observed. Another study
found that p300 coimmunoprecipitates with TAL-1
in extracts from DMSO-induced MEL cells. The
amino-terminal sequence of p300 and the bHLH
domain of TAL1 interact in vitro, but the interaction
does not affect the DNA-binding activity of TAL-1.
The TAL-1/P300 complex may have an important
role in erythroid differentiation [43]. In 2000, Huang
et al. showed that a corepressor complex including
mSin3A and HDAC1 interacts with TAL-1 and
restricts its function in erythroid differentiation [45].
Recent studies also demonstrated that TAL-1/SCL
induces leukemia by repressing E47  expression and
by recruiting the mSin3A/HDAC1 co-repressor
complex to target loci, such as the CD4 gene [46].
TAL-1/SCL-induced tumors are sensitive to pharma-
cological inhibition of HDAC and undergo apopto-
sis. Thus the association of TAL-1/SCL function
with acetylation and deacetylation is very complex
and will provide us a clue for cancer therapy. SCL
acetylation increases during MEL cells differentia-
tion, paralleling PCAF protein levels. At the same
time, acetylation by PCAF also leads to reduced
affinity of SCL for the co-repressor mSin3A. Thus
acetylation of SCL is highly regulated during ery-
throid cell differentiation and might contribute to a
switch from repressor to activator function. This
seems illustrative for the importance of  acetylation-
deacetylation balance in gene expression and cellular
differentiation.

C-myb

The c-myb proto-oncogene product is a 75kDa
sequence-specific DNA-binding protein that func-
tions as a transcriptional activator. c-Myb protein is
expressed at high levels in immature hematopoietic
cells and regulates their proliferation and differentia-
tion. Moreover, its forced expression inhibits ery-
throid differentiation [47]. c-Myb contains three
functional domains: a DNA-binding domain (DBD),
a transcription activation domain (TA), and a nega-
tive regulatory domain (NRD) [48]. CBP is able to
acetylate c-Myb lysine residues within the NRD both
in vitro and in vivo. Studies indicated that acetylation
of c-Myb NRD enhanced its affinity for CBP and had
two functional consequences for c-Myb activity:
increased DNA binding activity and increased trans-

activating capacity [49]. In vitro acetylation assays
showed that c-Myb could also be acetylated by
hGCN5. The histone acetyltransferase activity of
hGCN5 is significantly lower than that of p300,
while c-Myb acetylation by hGCN5 is higher than by
p300 [50]. c-Myb expression is the highest in pro-
genitor cells of the myeloid, erythroid and lymphoid
lineages. Forced expression of c-myb blocks differ-
entiation of erythroid and myeloid precursor cells.
Expression of a dominant interfering form of c-Myb
results in enhanced erythroid differentiation. Thus, c-
myb functions in maintaining hematopoietic precur-
sor cells in a proliferative state. A recent report indi-
cated that acetylation of the c-Myb NRD could also
serve to inhibit the binding of an uncharacterized
inhibitor to c-Myb [49]. This observation can partly
explain the above phenomenon. Another explanation
could be that differentiation factors compete prolifer-
ation-stimulating factors for CREB-binding protein
(CBP) activity, depending on their expression levels
during cellular maturation, or on cellular signals able
to regulate their interaction with CBP and p300 [51].

PU.1

The Ets family oncoprotein PU.1 is normally
expressed in myeloid and lymphoid cells [52]. PU.1
expression in erythroid progenitors can induce ery-
throleukemia in mice [53]. Transformation by PU.1
is achieved by maintaining erythroid precursor cells
in an undifferentiated proliferative state. The
molecular mechanism of this phenomenon is poor-
ly understood. Recent researches showed that PU.1
could specifically and efficiently inhibit CBP-medi-
ated acetylation of several hematopoietic transcrip-
tion factors, including GATA-1, NF-E2 and EKLF.
In addition, PU.1 blocks histones acetylation at the
β-globin gene promoter and LCR, and it interferes
with acetylation-dependent transcriptional events
[54]. These results indicate that histone acetylation
is sensitive to PU.1 levels and suggest that one of
the mechanisms by which PU.1 inhibits erythroid
differentiation is inhibition of histones and tran-
scription factors acetylation. However, PU.1 is
essential for myeloid and lymphoid cell develop-
ment. This is paradoxical in respect to the above
phenomenon. There are two possible explanations:
either PU.1 function depends on the promoter con-
text; or it depends on its expression level. At the
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same time, tissue-specific expression of PU.1 is
also regulated by chromatin structure. In multiple
cell lines treated with TSA, loss of PU.1 is observed
at both the mRNA and the protein levels. This loss
of PU.1 expression is correlated with a significant
increase in H4 acetylation at the PU.1 promoter
region [55]. We can though infer that PU.1 func-
tions in keeping the balance between cell prolifera-
tion and maturation by regulating the acetylation
status of hematopoietic transcription factors and
histones.

Concluding remarks

Much has been revealed on the interaction between
transcription factors and cis elements over the past
years, and the attention of scientists has recently
turned to the interaction between protein factors.
Transcription factors can induce chromatin
changes that facilitate transcription through inter-
actions with other protein factors among which
HATs and HDACs are prominent. HATs and
HDACs can reversibly acetylate or deacetylate
transcription factors and/or histones thus modulat-
ing transcriptional activation, and changing the
chromatin structure. The final effects are gene
expression modulation and changes of cell physio-
logical functions according to exogenous or
endogenous signals (Table 2).

Mechanisms that control the activity of
hematopoietic transcription factors through the
interplay of HATs and HDACs could be a good
model for studying how tissue-specific and lineage-
specific gene expression are controlled in the con-
text of acetylation/deacetylation of histone/nonhis-
tone proteins.
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