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Background: HDAC1-containing NuRD complex is required for GATA-1-mediated repression and activation.
Results: GATA-1 associated with acetylated HDAC1-containing NuRD complex, which has no deacetylase activity, for gene
activation.
Conclusion: Acetylated HDAC1 converts NuRD complex from a repressor to an activator during GATA-1-directed erythroid
differentiation program.
Significance: HDAC1 acetylation may function as a master regulator for the activity of HDAC1 containing
complexes.

Histone deacetylases (HDACs) play important roles in regu-
lating cell proliferation and differentiation. The HDAC1-con-
taining NuRD complex is generally considered as a corepressor
complex and is required for GATA-1-mediated repression.
However, recent studies also show that the NuRD complex is
involved in GATA-1-mediated gene activation. We tested
whether the GATA-1-associated NuRD complex loses its
deacetylase activity and commits the GATA-1 complex to
become an activator during erythropoiesis. We found that
GATA-1-associated deacetylase activity gradually decreased
upon induction of erythroid differentiation. GATA-1-associ-
ated HDAC1 is increasingly acetylated after differentiation. It
has been demonstrated earlier that acetylated HDAC1 has no
deacetylase activity. Indeed, overexpression of an HDAC1
mutant, which mimics acetylated HDAC1, promotes GATA-1-
mediated transcription and erythroid differentiation. Further-
more, during erythroid differentiation, acetylated HDAC1
recruitment is increased at GATA-1-activated genes, whereas it
is significantly decreased at GATA-1-repressed genes. Interest-
ingly, deacetylase activity is not required for Mi2 remodeling
activity, suggesting that remodeling activitymay be required for
both activation and repression. Thus, our data suggest that
NuRD can function as a coactivator or repressor and that acety-
lated HDAC1 converts the NuRD complex from a repressor to
an activator during GATA-1-directed erythroid differentiation.

Histone deacetylases (HDACs)4 play important roles in
diverse nuclear and cellular processes, such as developmental
programming, gene expression, cell cycle progression, and cell
migration. Mammalian HDACs are classified into four classes
(I, II, III, and IV) based on sequence homology to the yeast
histone deacetylases Rpd3 (reduced potassium dependence),
Hda1 (histone deacetylase1), and Sir2 (silent information
regulator 2), respectively. Although the precise cellular func-
tions of the different HDAC enzymes are still poorly under-
stood, evidence suggests that different members of the
HDAC family have distinct functions (1–3). Importantly, it is
becoming increasingly clear that class I HDAC enzymes are
clinically relevant to cancer therapy (4–8). HDAC inhibitors
are potential drugs for the treatment of cancer through the
ability to restore normal patterns of gene expression, which
may result in cell cycle arrest, differentiation, or apoptosis of
tumor cells. In fact, two histone deacetylase inhibitors,
SAHA and depsipeptide, have been recently approved by the
United States Food and Drug Administration for treatment
of cutaneous T-cell lymphoma and are in clinic trials in
treating leukemia (9). Therefore, it is extremely important to
understand how HDAC1 and other class I HDACs regulate
the process of hematopoiesis.
HDAC1 is found in at least three distinct multiprotein com-

plexes, including the Sin3, the CoREST, and the NuRD com-
plexes (1). The NuRD complex has seven components, includ-
ing the ATPase/helicase Mi-2, HDAC1, and HDAC2 (10, 11).
The MeCP1 complex is a NuRD-related complex; it contains
the additional component MBD2, a 5-cytosine-phosphogua-
nine methyl-binding protein (12–15). NuRD/MeCP1 is
recruited to target genes through its interaction with DNA
binding transcription factors. Although it is generally con-
sidered that NuRD/MeCP1 is a co-repressor complex (16–
18), it can also activate genes in other cases (17, 19), suggest-
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ing that the NuRD complex can either repress or activate
gene transcription. However, the mechanism of how the
NuRD complex activates gene transcription remains
unknown.
The activity of HDACsmay be regulated through post-trans-

lational modifications. HDAC1 can be post-translationally
modified, and thesemodifications canmodulate HDAC1 activ-
ity and protein levels (20, 21). Recently, it was reported that
HDAC1 can be acetylated by histone acetyltransferase p300.
Acetylated HDAC1 loses its deacetylase activity (22, 23). Inter-
estingly, acetylated HDAC1 also inhibits the deacetylase activ-
ity of HDAC2, hence down-regulating the overall deacetylase
activity of HDAC1/2-containing complexes, including the
NuRD complex (24). Thus, these results uncover a novel mech-
anism underlying the regulation of HDAC1-containing protein
complexes.
Hematopoietic lineage-specific transcription factorGATA-1

is the founding member of the GATA factor family. GATA-1
has been shown to be essential for normal hematopoiesis, espe-
cially for erythropoiesis and megakaryopoiesis (25–27).
GATA-1 is a zinc finger transcription factor, and its binding
motif is present in the regulatory regions of many erythroid-
specific genes (28–30). The �-globin gene was the first
GATA-1 target gene identified (31). GATA-1was found to bind
to the �-globin gene locus within the �-globin locus control
region and the globin promoter regions (31, 32). Recent
genome-wide studies revealed that GATA-1 interacts with
more than a thousand genes in erythroid cells (28, 29). GATA-1
can both positively and negatively regulate these genes (29, 33).
Thus, it is important to understand how GATA-1 regulates
gene transcription during erythroid differentiation.
GATA-1 regulates gene transcription through associations

with a variety of transcription factors and cofactors (34, 35).
Recently, it was shown that GATA-1 is associated with the
HDAC1-containing NuRD or MeCP1 corepressor complexes
through its cofactor FOG-1 (friend of GATA-1) (36–39). It was
suggested that these complexes play an important role in
GATA-1-mediated repression of target genes such as GATA-2,
c-Myc, and c-Kit, which are all required for the proliferation of
hematopoietic progenitors (36, 37, 40–42). However, during
GATA-1-mediated transcriptional activation of �-globin gene,
the NuRD/MeCP1 complex is still recruited to the GATA-1
sites of the �-globin locus (40, 43, 44). Hence, the question is
how the HDAC1-containing corepressor complex regulates
GATA-1-mediated gene activation in erythropoiesis. In this
study, we investigate the role of HDAC1 in erythroid differen-
tiation as well as in GATA-1-mediated gene regulation. We
found that HDAC1 activity is decreased during erythroid dif-
ferentiation. GATA-1-associated deacetylase activity is also
down-regulated accordingly by p300-mediated acetylation
inactivation of HDAC1, which allows GATA-1 to activate tran-
scription during differentiation. Our data suggest that down-
regulation of GATA-1-associated deacetylase activity is
required for erythroid differentiation and that acetylation of
HDAC1 contributes to the conversion of the NuRD complex
from repressor to activator.

EXPERIMENTAL PROCEDURES

DNA Constructs—The double GATA binding site reporter
construct (pGL3 GATA-Luc) was generated by inserting two
double GATA binding sites from the GATA-1 promoter into
pGL3 promoter luciferase reporter vector (Promega). The
GATA-1 expression vectorwas generated by subcloningmouse
GATA-1 into the pcDNA 3.1 vector. The pcDNA HA FOG-1
was a kind gift from Gerd Blobel from the University of Penn-
sylvania. The expression vectors for HDAC1, HDAC1 6Q, and
HDAC1 6R were described previously (22). The integrity of all
constructs was confirmed by DNA sequencing.
Cell Lines and Reporter Assays—NIH 3T3 cells, the murine

erythroleukemia (MEL) cell line, and erythroid precursor cell
line G1E and its derivative cell line G1E-ER4 were cultured as
described previously (22, 45–47). Luciferase reporter vectors
(pGL3 GATA-Luc) and expression vectors were transfected
intoNIH3T3 orMEL cells using Lipofectamine 2000 according
to the manufacturer’s protocol (Invitrogen). Luciferase
reporter assays were carried out using Dual-Glo luciferase
reporter assay system (Promega).
Human CD34� Cell Culture—Frozen human cord blood

CD34� cells were purchased from STEMCELL Technologies
(Vancouver, Canada). Cells were then cultured and differenti-
ated according to the manufacturer’s protocol. Briefly, cells
were cultured in StemSpan SFEMmedium (STEMCELL Tech-
nologies) with four recombinant human cytokines, including
100 ng/ml stem cell factor, 100 ng/ml Flt3-ligand, 20 ng/ml
IL-3, and 20 ng/ml IL-6 (PeproTech, Rocky Hill, NJ). After the
expansion for 7 days with 5% CO2 at 37 °C, cells were stained
with anti-human PE-CD34� antibody (BD Biosciences), and
CD34� cells were collected by flow cytometry sorting and
stored in liquid nitrogen. Aliquots of CD34� cells were thawed
and culturedwith 75 ng/ml each of stem cell factor, Flt-3 ligand,
and thrombopoietin for 1 day and then for another 3 days,
whereas cytokines in the culturemediumwere replacedwith 10
ng/ml stem cell factor and 10 ng/ml IL3. 2 units/ml human
recombinant erythropoietin (Cell Science, Canton, MA) was
then added (designated as day 0). Cells were harvested at inter-
vals as indicated.
siRNA Knockdown—HDAC1 or HDAC2 siRNA sequences

were cloned into pSuper retroviral vectors (Oligoengine), and
the recombinant viruses were collected and used to infect MEL
cells. Retrovirus preparations and infections were performed as
described (45). Single cell clones with integrated HDAC1 or
HDAC2 shRNA constructs were selected to produce stable cell
lines.
Immunoprecipitation, Western Analysis, and ChIP—Stand-

ard protocols were employed for immunoprecipitation and
Western blot analysis (22). Chromatin immunoprecipitation
(ChIP) was carried out as described (22, 48). Primers for �-glo-
bin and GATA-2 were described previously (49). Primers for
the GATA-1 gene were as follows: GATA-1 HS1 forward,
5�-CCCGCTGATTCCCTTATCTATG-3�, reverse, 5�-GTG-
CAAGGCCCAGAAGTC 3�; GATA-1 erythroid specific pro-
moter (IE) forward, 5�-CACCAACAGCCACAGTCG-3�,
reverse, 5�-TTAGTGCTTCGGCTCGTG-3�.
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Antibodies—Anti-GATA-1 (N6), anti-FOG-1 (M20), and
anti-Mi2 (H242) antibodies were obtained from Santa Cruz
Biotechnology. Anti-FLAG and anti-�-actin antibodies were
fromSigma.HDAC1 antibodies against nonacetylated or acety-
lated HDAC1 were generated from rabbits injected with acety-
lated or nonacetylated HDAC1 C-terminal peptide. Peptide
sequences were: GEGGRKNSSNF or GEGGRK(Ac)NSSNF.
RT-PCR—Total RNA was prepared from 1 � 106 cells by

using the SV total RNA isolation kit (Promega). A total of 1 �g
of RNA was reverse-transcribed by using the SuperScript II
reverse transcriptase as suggested by the manufacturer (Invit-
rogen). The primers used in RT-PCR were as follows: �-globin
forward, 5�-CACCTTTGCCAGCCTCAGTG-3�, reverse, 5�-
GGTTTAGTGGTACTTGTGAGCC-3�; �-actin forward, 5�-
GTGGGCCGCTCTAGGCACCA-3�, reverse, 5�-TGGCCT-
TAGGGTGCCAGGGGG-3�.
Histone Deacetylase Activity Assay—3H-Labeled acetylated

histones were isolated from MEL cells as described previously
(50). Deacetylation assays were carried out as described (22).
Briefly, deacetylation assays were carried out bymixing nuclear
extracts with 4 �g of 3H-labeled acetylated histones (10,000
cpm) in 50 �l of assay buffer (20 mM Tris HCl, pH 8.0, 150 mM

NaCl, 0.5 mM EDTA, 5% glycerol) for 10 min at 30 °C followed
by the addition of 50 �l of stop buffer (1.44 M HCl, 0.24 M

HOAc). [3H]Acetate was extracted with 0.6 ml of ethyl acetate.
After centrifugation, the upper organic phase was quantified by
liquid scintillation counting.
Nucleosome Remodeling Assay—Nucleosome sliding assays

were performed as described with minor modifications (51).
Briefly, core histones were isolated from HeLa cells according
to a standard protocol. A 194-bp fragment with a strong
nucleosome positioning sequence was generated by PCR
amplification of the plasmid pGEM-3Z-601. For reconstitution
of mononucleosomes, 3.6 �g of the DNA fragment was incu-
bated in a 0.8:1 ratio (w/w) with HeLa core histones. The reac-
tion was dialyzed sequentially for 1 h at 4 °C against 1.25, 1.0,
and 0.75 MNaCl and then against TE (10mMTris-HCl (pH 8.0),
0.5 mM EDTA). Nucleosome sliding assays were performed at
37 °C for 30min in a standard volumeof 10�l containing 10mM

Tris-HCl (pH 7.6), 50 mMNaCl, 3 mMMgCl2, 1 mM �-mercap-
toethanol, 0.1�g/�l BSA, and 1mMATP. About 100–200 ng of
DNA equivalent of assembled mononucleosomes was incu-
bated with either purified NURF or purified Mi2 complexes.
Mononucleosomes were resolved on a native 5% PAGE and
stained with ethidium bromide.

RESULTS

HDAC1 Deacetylase Activity Decreased during Differentia-
tion in MEL Cells—Histone deacetylase inhibitors, such as
sodium butyrate or valproic acid, can promote differentiation
of erythroid aswell as other hematopoietic lineages (52). There-
fore, it is conceivable that endogenous deacetylase activity is
down-regulated during differentiation. Because HDAC1 asso-
ciates withmany key transcription factors important for hema-
topoiesis, we speculated that the HDAC1-associated deacety-
lase activitymay be down-regulated during differentiation. The
MEL cells are blocked at the late CFU-E or proerythroblast
stage in the adult erythroid lineage and can be efficiently

induced to undergo terminal erythroid differentiation through
exposure to DMSO (53–55). First, we confirmed that differen-
tiation of MEL cells was induced with 1.5% DMSO treatment
(supplemental Fig. S1). Nuclear extracts from DMSO-treated
or untreated cells were immunoprecipitated withHDAC1 anti-
bodies, and the resulting products were subjected to deacetyla-
tion assays. Indeed,HDAC1-associated deacetylase activitywas
reduced during erythroid differentiation (Fig. 1A). However,
the protein levels of HDAC1 remained unchanged during
DMSO-induced differentiation (45) (Fig. 1B). This result shows
that during erythroid differentiation, HDAC1-associated
deacetylase activity is negatively modulated without changing
the HDAC1 protein levels.
HDAC1 Promotes Erythroid Cell Proliferation and Inhibits

Differentiation—If down-regulation of HDAC1-associated
deacetylase activity is important for erythroid cell differentia-
tion, then reduction of HDAC1 levels in erythroid cells may
promote differentiation. To test this hypothesis, we knocked
down HDAC1 expression using shRNA-mediated gene silenc-
ing inMEL cells. The level of knockdownwas verified byWest-
ern blotting analysis. The HDAC1 knockdown cells exhibited
more than 50% reduction of HDAC1 protein level (Fig. 1C).
These cells were then treated with DMSO, and total RNA was
collected formeasuring the expression of�-globin, amarker for
erythroid differentiation, by real time RT-PCR. Reducing the
levels of HDAC1 resulted in a significant elevation of �-globin
expression in comparison with the vector control cell line (Fig.
1D), indicating that down-regulation of HDAC1 promotes
erythroid differentiation inMEL cells. To test whether HDAC1
knockdown also affects the cell proliferation rate, the same
number of cells was inoculatedwith the same volume of growth
medium and sampled in 24-h intervals for 5 days. HDAC1
knockdown cells were significantly impaired in growth (Fig.
1E). These results indicate that HDAC1 inhibits erythroid dif-
ferentiation and promotes cell proliferation. Because HDAC2
often coexists in HDAC1-containing corepressor complexes,
HDAC2 was also knocked down by shRNA-mediated gene
silencing (supplemental Fig. S2A). Down-regulation of HDAC2
also significantly affected erythroid differentiation (supple-
mental Fig. S2B), suggesting that the HDAC1/2-associated
complexes are important for differentiation. Interestingly,
HDAC2 knockdown had much less of an effect in MEL cell
proliferation, although the HDAC2 knockdown was more effi-
cient than that of HDAC1 (supplemental Fig. S2C).
GATA-1- and FOG-1-associated Deacetylase Activities

Decrease after Differentiation—GATA-1 is a key transcription
factor required for erythroid differentiation. It has been shown
that GATA-1 associates with the NuRD or the MeCP1 core-
pressor complexes that contain HDAC1 and HDAC2 (36, 37).
The interaction between GATA-1 and NuRD is mediated
through the GATA-1-associated protein FOG-1 (36–39). It
appears that the NuRD complex is required for both GATA-1-
mediated repression and GATA-1-mediated activation (43).
Because HDAC1 deacetylase activity is down-regulated after
differentiation, we speculated that GATA-1-associated de-
acetylase activity of the GATA-1-containing complex is also
reduced after differentiation.
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We first examined whether GATA-1-associated HDAC
activity changes upon DMSO-induced MEL cell differentia-
tion. Cell lysates were prepared at time intervals following the
addition of DMSO to the cell culture and subjected to immu-
noprecipitation using GATA-1 antibody. The GATA-1-associ-
ated HDAC activity declined upon the addition of DMSO (Fig.
2A), although the cellular HDAC1 protein levels remained
unchanged (Fig. 1B). We also tested GATA-1-associated
deacetylase activity in another erythroidmodel system, theG1E

cells. G1E are GATA-1-null erythroid progenitor cells (46);
G1E-ER4 cells were engineered to stably express estrogen-in-
ducible GATA-1 (47, 56). The addition of estrogen led to trans-
location of GATA-1 into the nucleus and rapid induction of
erythroid differentiation. The G1E-ER4 cells were treated with
estrogen for 24 h, and whole cell extracts were prepared for
immunoprecipitation with GATA-1. GATA-1-associated
deacetylase activity was decreased almost 40% after treatment
with estrogen (Fig. 2B).

FIGURE 1. HDAC1 deacetylase activity is down-regulated during erythroid differentiation in MEL cells. A, HDAC1-associated histone deacetylase activity
is reduced upon DMSO-induced differentiation of MEL cells. MEL cells were induced with 1.5% DMSO for the indicated days. Nuclear extracts from MEL cells
were immunoprecipitated (IP) with HDAC1 antibodies. The deacetylase activities of the immunoprecipitates were determined by deacetylation of 3H-labeled
Ac-histone. *, significant difference when compared with day 0 (Student’s t test, p � 0.05). B, nuclear extracts from MEL cells were subjected to SDS-PAGE and
Western blot analysis with antibodies as indicated. A representative Western blot result is shown. HDAC1 protein level quantification was determined from
three independent experiments. C, knockdown of HDAC1 in MEL cells. The siRNA duplexes for mouse HDAC1 were cloned into pSuper retroviral vectors, and
the resulting viruses were used to infect MEL cells. Single colonies were selected for the most effective reduction of HDAC1. D, HDAC1 knockdown (KD) affects
differentiation. MEL cells with vector, HDAC1, or HDAC2 knockdown constructs were treated with 1.5% DMSO for the indicated time periods. Total RNA was
extracted, and real time RT-PCR was performed with �-major globin primers and normalized to �-actin. *, significant difference when compared with vector
control (Student’s t test, p � 0.01). E, HDAC1 knockdown affects MEL cell proliferation. 1 � 105 control, HDAC1, or HDAC2 knockdown MEL cells were inoculated
into medium. The number of viable cells was counted daily for 5 days. The same amount of vector control cells was also treated with 10 nM TSA and tested for
proliferation. Data shown are the means � S.E. of three independent experiments.

HDAC1 Regulates the NuRD Complex Activity

40282 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 48 • NOVEMBER 23, 2012



Because FOG-1 mediates GATA-1 and NuRD complex
interactions, we further tested whether FOG-1-associated
deacetylase activity was also reduced after differentiation.
Indeed, through immunoprecipitation with FOG-1 anti-
body, FOG-1-associated deacetylase activity was also
reduced after differentiation in bothMEL and G1E-ER4 cells
(Fig. 2, C and D). These results indicate that although
GATA-1 and FOG-1 remain associated with the NuRD core-
pressor complex after induction of differentiation (37, 43),
their associated deacetylase activity is significantly reduced.
Next, we investigated whether GATA-1- and FOG-1-me-

diated repression depends on histone deacetylase activity.
We constructed a reporter gene construct consisting of only
two double GATA binding sites from the GATA-1 promoter

to study the specific effect of GATA-1 in the absence of other
cis elements and hematopoietic transcription factors (Fig.
2E). GATA-1 slightly increased the reporter activity in NIH
3T3 cells. The increase of reporter activity by GATA-1 was
repressed by FOG-1, conforming that FOG-1 recruits core-
pressor complexes (36). We then examined whether the his-
tone deacetylase activity is needed for FOG-1-mediated
repression. Cells were treated with TSA overnight after
transfection. Treatment with TSA relieved the repression
mediated by FOG-1. Further, TSA converted FOG-1 from
repressor to activator (Fig. 2E). This result suggests that the
FOG-1 recruited complex may contribute to GATA-1 acti-
vation when the deacetylase activity is suppressed in the
complex.

FIGURE 2. GATA-1-associated deacetylase activity is down-regulated during differentiation of MEL cells. A and B, GATA-1-associated deacetylase activity
decreases upon differentiation. Whole cell extracts from MEL cells (A) or G1E-ER4 cells (B) incubated with 1.5% DMSO or 1 �M estradiol for the indicated time
periods were subjected to immunoprecipitation (IP) with GATA-1 antibodies. Immunoprecipitates were then assayed for HDAC activity. *, significant difference
when compared with 0 d (Student’s t test, p � 0.01). C and D, FOG-1-associated deacetylase activity is reduced upon differentiation. Whole cell extracts from
MEL or G1E-ER4 cells incubated with 1.5% DMSO or 1 �M estradiol for the indicated time periods were subjected to immunoprecipitation with FOG-1
antibodies. Immunoprecipitates were then assayed for HDAC activity. *, significant difference when compared with 0 d (Student’s t test, p � 0.01). E, deacety-
lase activity is needed for FOG-1 repression of GATA-1-mediated reporter activity. GATA-1 and FOG-1 expression vectors were transfected together with the
GATA-1 luciferase reporter in NIH 3T3 cells. The cells were treated with or without TSA overnight before harvest. The luciferase assay was performed 48 h after
transfection. *, significant differences (Student’s t test, p � 0.01). Data shown are the means � S.E. of five independent experiments.
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GATA-1-associated HDAC1 Is Acetylated during Differenti-
ation, andAcetylatedHDAC1PromotesDifferentiation—Given
that HDAC1 can be acetylated by p300 and that acetylated
HDAC1 inhibits the deacetylase activities of HDAC1 and
HDAC2 (22, 24), combined with our observation that the
GATA-1-associated HDAC complex loses deacetylase activity,
whereas cellular HDAC1 protein levels remain unchanged (Fig.
2), we reasoned that GATA-1-associated HDAC1 is acetylated

in differentiated cells. To test this hypothesis, MEL cells were
induced to differentiate with DMSO. The extracts were then
immunoprecipitated with GATA-1 antibodies. The resulting
complexes were then subjected to Western blotting with anti-
bodies specific for acetylated HDAC1 (supplemental Fig. S3).
GATA-1-associated HDAC1 was acetylated, and HDAC1
acetylation was significantly increased during erythroid differ-
entiation (Fig. 3A). In contrast, GATA-1-associated HDAC1

FIGURE 3. GATA-1-associated HDAC1 is acetylated upon differentiation. A, nuclear extracts from MEL cells treated with or without 1.5% DMSO for 3 days
were subjected to immunoprecipitation (IP) with GATA-1 antibodies. The precipitates were analyzed by Western blotting (WB) with antibodies as indicated. B,
G1E-ER4 cells were treated with estradiol for the indicated time periods. Whole cell extracts were collected and subjected to Western blot analysis with
antibodies as indicated. C, G1R-ER4 cells were treated with estradiol for the indicated time periods. Whole cell extracts were immunoprecipitated with
anti-acetylated HDAC1 antibodies and Western blotted with anti-GATA-1 antibodies. D, human CD34� cells were treated with erythropoietin (EpO) for the
indicated time periods. Whole cell extracts were collected and subjected to Western blot analysis with antibodies as indicated. E, preparation of Mi2-associated
protein complexes. Nuclear extracts from MEL cells were immunoprecipitated with Mi2 antibodies, and the precipitate was analyzed by Western blot with
antibodies as indicated. F, TSA does not affect the NuRD complex nucleosome remodeling activity. A nucleosome remodeling assay was performed with
Drosophila NURF or the Mi2 complex with or without ATP or TSA. G, overexpression of FLAG-HDAC1 and mutants in HDAC1 knockdown (KD) MEL cells.
Expression levels of FLAG-HDAC1 or mutants were analyzed by Western blot. H, HDAC1 knockdown cells with overexpressed HDAC1 or mutants were treated
with DMSO for 3 days, and �-major mRNA levels were measured by RT-PCR. * and ** indicate significant differences when compared with vector control
(Student’s t test, p � 0.01). Data shown are the means � S.E. of three independent experiments.

HDAC1 Regulates the NuRD Complex Activity

40284 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 48 • NOVEMBER 23, 2012

http://www.jbc.org/cgi/content/full/M112.349704/DC1


levels decreased to a much lesser extent. We also tested acety-
lated HDAC1 levels in G1E-ER4 cells. Accordingly, we found
that acetylated HDAC1 levels increased upon differentiation
(Fig. 3B), but overall HDAC1 levels remained unchanged (Fig.
3B). Consistent with the results fromMEL cells, the association
of acetylated HDAC1 and GATA-1 was also markedly
increased in G1E-ER4 cells after differentiation (Fig. 3C). Next,
we tested whether acetylated HDAC1 can also be induced in
human CD34� hematopoietic stem cells. CD34� cells can be
induced to differentiate along the erythroid lineage by exposure
to erythropoietin. Before induction, there were very low levels
of acetylated HDAC1 in the cells. After induction of differenti-

ation, acetylated HDAC1 gradually increased and then
decreased at later stages of differentiation (Fig. 3D). This result
suggests that the dynamic acetylation pattern of HDAC1 may
play an important role in erythroid differentiation.
Because GATA-1-associated HDAC1 is within the NuRD

complex, the next question that we asked was whether the loss
of HDAC1 deacetylase activity affects the nucleosome remod-
eling activity of the NuRD complex. The NuRD complex was
purified fromMEL cells with anti-Mi2 antibodies (Fig. 3E). The
complexwas then subjected to a remodeling assaywith orwith-
out treatment with the deacetylase inhibitor TSA (Fig. 3F). The
results show that histone deacetylase activity was not required

FIGURE 4. HDAC1 is recruited to the GATA-1 promoter to repress GATA-1 transcription. A, GATA-1 protein levels increase after MEL cell differentiation.
Nuclear extracts from DMSO-treated MEL cells were analyzed by Western blotting for GATA-1 protein levels. B, the GATA-1 promoter is acetylated upon DMSO
induction. MEL cells treated with DMSO were subjected to ChIP against Ac-H3 or Ac-H4 antibodies. The resulting precipitated DNA was analyzed by real time
PCR. Primer locations are indicated as solid lines. C, vector control and HDAC1 knockdown (KD) MEL cells were treated with DMSO for 1 day. GATA-1 mRNA levels
were determined by real time RT-PCR. Results are the means � S.E. of three independent experiments. D, vector control and HDAC1 knockdown cells were
treated with DMSO for 1 day. GATA-1 protein levels were examined by Western blotting. The protein band intensities were quantified using the 8900 imaging
system (Alpha Innotech) and normalized to actin. E, acetylated HDAC1 is recruited to the GATA-1 promoter after differentiation. MEL cells treated with DMSO
were subjected to ChIP with antibodies against GATA-1, Mi2, HDAC1, and acetylated HDAC1, as indicated. The resulting precipitated DNA was analyzed by real
time PCR. Primer locations are indicated as solid lines. For ChIP assays, the results of a representative experiment of three independent experiments are shown.
Data are means � S.E. of three real time PCR results.
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for NuRD remodeling activity. Thus, loss of deacetylase activity
during erythroid differentiation did not affect NuRD-associ-
ated chromatin remodeling activity. This suggests that the
remodeling activity may be required for NuRD-mediated acti-
vation and that it may positively or negatively influence the
recruitment of activators or repressors to chromatin,
respectively.
We next reasoned that if down-regulation of HDAC1

deacetylase activity is required for erythroid differentiation,
then introduction of the HDAC1 6Q mutant, which mimics
acetylated HDAC1 and has defective deacetylase activity (22),
should promote differentiation. Conversely, the HDAC1 6R
mutant, which mimics active, nonacetylated HDAC1, should
inhibit erythroid differentiation and promote cell proliferation.
To test these possibilities, we stably expressed siRNA-resistant
FLAG-tagged HDAC1, HDAC1 6R, or HDAC1 6Q in HDAC1
knockdownMEL cells using the retroviral vector pOZ (57, 58).
The expression levels of exogenous HDAC1 or HDAC1
mutants in the stable clones were comparable with the expres-
sion levels of endogenous HDAC1 (Fig. 3G). HDAC1 6Q-asso-

ciated deacetylase activity was significantly reducedwhen com-
pared with that of HDAC1 WT or HDAC1 6R in cell extracts
(supplemental Fig. S4). HDAC1 6Q increased �-globin expres-
sion when compared with the vector control (Fig. 3H). In con-
trast, HDAC1 6R inhibited MEL cell differentiation. Overex-
pression of wild type HDAC1 did not significantly affect
�-globin expression, suggesting that a portion of wild type
HDAC1 is acetylated in differentiated cells. The proliferation
rates of these cells were also examined (supplemental Fig. S5).
HDAC1 6Q did not affect MEL cell proliferation. However,
cells overexpressingwild typeHDAC1orHDAC16Rpromoted
cell proliferation. Thus, the data suggest that HDAC1 activity is
important for inhibiting erythroid differentiation and promot-
ing proliferation. Down-regulation of HDAC1-associated
deacetylase activity is an important step required for the onset
of erythroid differentiation programs.
GATA-1 Up-regulates Its Own Promoter Activity through the

Recruitment of Acetylated HDAC1—GATA-1 can regulate its
own promoter activity through binding to several GATA sites
located in its own promoter and enhancer regions in erythro-
cytes and in megakaryocytes (59). During differentiation of
MEL cells, GATA-1 levels increased (Fig. 4A), supporting pre-
vious observations demonstrating that GATA-1 promoter
activity is auto-regulated (59). The major regulatory regions of
the GATA-1 gene locus are located in HS1 and in the hemato-
poietic specific promoter region (IE) (Fig. 4B). These regions
are important for GATA-1-mediated promoter activation (59,
60). We tested the histone acetylation levels at these sites in
MEL cells. As reported previously, the HS1 and IE regions were
moderately acetylated in MEL cells before induction (61) (Fig.
4B). UponDMSO-mediated induction, acetylation levels of his-
tone H3 and H4 were significantly increased (Fig. 4B), indicat-
ing that the GATA-1 gene locus is activated upon erythroid
differentiation. We next tested whether GATA-1 gene activa-
tion is regulated by HDAC1. In HDAC1 knockdownMEL cells,
bothGATA-1mRNAand protein levels increased (Fig. 4,C and
D), suggesting that HDAC1 negatively regulates GATA-1 pro-
moter activity.
We further studied the recruitment of GATA-1 and the

NuRD complex to the GATA-1 promoter during DMSO-in-
duced erythroid differentiation. Mi2 consistently bound to the
HS1 and IE regions of the GATA-1 locus before and after
induction (Fig. 4E). HDAC1 binding did not change at the IE
region and increased at the HS1 region after DMSO induction.
It is not clear why HDAC1 binding increased at the HS1 region
after DMSO induction. However, acetylated HDAC1 signifi-
cantly increased after DMSO induction at both sites (Fig. 4E),
whichmay cause reduction of total deacetylase activity at these
regions, resulting in gene activation.
Acetylated HDAC1 Is Located at the �-Globin Promoter and

the Locus Control Region after Erythroid Differentiation—In
MEL cells, expression of adult �-globin can be greatly induced
upon treatment with DMSO, which results from binding of
erythroid-specific and non-erythroid-specific transcription
factors and cofactors to the locus control region and the �-ma-
jor promoter (53–55, 62). Given that acetylated HDAC1 is
recruited to the GATA-1 promoter in association with the
NuRD complex, we asked whether acetylated HDAC1 can also

FIGURE 5. Acetylated HDAC1 is recruited to the �-globin locus after dif-
ferentiation. A, schematic representation of the mouse �-globin gene locus.
Locations of PCR primer sets are underlined. B, MEL cells treated with DMSO
were subjected to ChIP with antibodies against GATA-1, Mi2, HDAC1, and
acetylated HDAC1, as indicated. The resulting precipitated DNA was analyzed
by real time PCR with primers as indicated. For ChIP assays, the results of a
representative experiment of three independent experiments are shown.
Data are means � S.E. of three real time PCR results. preim, preimmunoserum
from rabbit.
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FIGURE 6. Increasing levels of HDAC1 and decreasing levels of acetylated HDAC1 are recruited to the GATA-2 locus after induction of differentiation
in G1E-ER4 cells. A, G1E-ER4 cells were treated with estradiol for the indicated time periods. Total RNA was extracted, and RT-PCR was performed with primers
for the indicated genes. B, schematic representation of the mouse GATA-2 locus. Locations of the PCR primer sets are underlined. C, G1E-ER4 cells treated with
estradiol were subjected to ChIP with antibodies against GATA-1, FOG-1, Mi2, HDAC1, or acetylated HDAC1. The resulting precipitated DNA was analyzed by
real time PCR with the primers indicated. The results of a representative experiment of three independent experiments are shown. Data are means � S.E. of
three real time PCR results. NA, no antibody control.
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be recruited to the �-globin locus in a similar manner. Chro-
matin immunoprecipitation experiments were performed with
MEL cells with or without the addition of DMSO. As reported
previously, GATA-1 is recruited to both the locus control
region HS2 and the �-major promoter region of the �-globin
gene after DMSO treatment (63) (Fig. 5A). Consistent with the
observation at the GATA-1 locus, Mi2 was present at both
regions before induction. The level of binding was increased at
the promoter region and remained unchanged in the HS2
region (Fig. 5B), suggesting thatNuRDmay act as coactivator at
the promoter region after induction (43). HDAC1 strongly
associated with both regions before induction of differentiation
and remained strongly bound at the �-major promoter region
after differentiation. The binding at the HS2 region was slightly
decreased after induction (Fig. 5B). Importantly, the recruit-
ment of acetylated HDAC1 to both HS2 and the �-major pro-
moter was significantly increased after DMSO treatment (Fig.
5B), indicating that the overall deacetylase activity at HS2 and
the promoter region may be reduced after DMSO-induced
erythroid differentiation. The reduction of deacetylase activity
at these regulatory regions may lead to the activation of �-glo-
bin transcription.
GATA-2 Levels Were Down-regulated by GATA-1 through

Recruitment of Active HDAC1 in G1E-ER4 Cells—Because the
recruitment of acetylated HDAC1 to gene promoters led to
transcriptional activation, we asked whether acetylated
HDAC1 recruitment is decreased at genes that are repressed by
GATA-1. TheGATA-2 gene is known to be targeted byGATA-
1-mediated repression. Because there is very low expression of
GATA-2 inMEL cells, we usedG1E-ER4 cells to studyGATA-2
gene regulation. In G1E-ER4 cells, the addition of estradiol led
to translocation of GATA-1 into the nucleus and rapid induc-

tion of erythroid differentiation (Fig. 6A) (33). Accordingly,
GATA-2 expression was decreased upon induction by estrogen
(33, 48) (Fig. 6A). We investigated whether the recruitment of
HDAC1 was involved in GATA-2 gene repression. GATA-1-
mediated repression involves the binding of GATA-1 to GATA
motifs located at the �3.9 kb, �2.8 kb, and IS promoter region
of the GATA-2 gene ((41, 64, 65) (Fig. 6B)). Before induction,
there was low to no binding of GATA-1 and FOG-1 (Fig. 6C).
There was low binding of HDAC1 except at the �2.8 region.
Interestingly, acetylated HDAC1 binding at this region was
high, indicating that although HDAC1 was present at this
region of the GATA-2 locus before induction, the deacetylase
activity was low. Mi2 binding before induction was also very
low at all regions, suggesting that HDAC1 may be recruited
to the GATA-2 locus without association of the NuRD com-
plex and independent from GATA-1. Upon induction by
estradiol, GATA-1 binding increased, and so did binding of
FOG-1, Mi2, and HDAC1, suggesting that GATA-1 recruits
the NuRD corepressor complex to the GATA-2 locus
through FOG-1. Consistent with the recruitment of the
GATA-1-associated NuRD complex, acetylated HDAC1 lev-
els were decreased. This result agrees with previous studies
showing that after induction, histone H3 and H4 levels at the
GATA-2 gene locus were reduced and expression of
GATA-2 was repressed in differentiated erythroid cells (41).
Interestingly, after 24 h of induction, GATA-1, Mi2, and
HDAC1 binding was significantly reduced, suggesting that
GATA-1 and the NuRD complex dissociated from the regu-
latory elements. It is not clear why FOG-1 binding remained
high. One possibility is that FOG-1may be recruited through
GATA-1-independent mechanisms.

FIGURE 7. The role of the NuRD complex in GATA-1-mediated gene activation and repression. Upper, a model for GATA-1-mediated activation. The NuRD
corepressor complex associates with GATA-1-regulated inactive genes in the absence of GATA-1. After induction of differentiation, GATA-1 is recruited to its
targeted sites and subsequently recruits p300/CBP and p300/CBP-associated factor (PCAF) coactivators. These coactivators in turn acetylate histones, GATA-1
and HDAC1, resulting in gene activation. PIC, preinitiation complex. Lower, a model for GATA-1-mediated repression. Before differentiation, GATA-2 recruits
coactivators and HDACs to its promoter/enhancer region. p300 acetylates HDAC1, resulting in the loss of HDAC1 deacetylase activity and gene activation. After
differentiation, GATA-1 displaces GATA-2 and recruits the NuRD complex for an intermediate stage of repression. At later stages of differentiation, the GATA-2
gene is permanently repressed, and the NuRD complex dissociates from the GATA-2 gene.

HDAC1 Regulates the NuRD Complex Activity

40288 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 48 • NOVEMBER 23, 2012



DISCUSSION

In this study, we showed that HDAC1 deacetylase activity
was down-regulated during erythroid differentiation and that
knockdown of HDAC1 promoted erythroid differentiation.
The down-regulation of HDAC1 deacetylase activity was not
due to the decrease of protein levels but through the acetylation
of HDAC1. We showed previously that the acetyltransferase
p300 can acetylate HDAC1 and that acetylated HDAC1 has no
deacetylase activity (22). Further, acetylated HDAC1 also
inhibits the deacetylase activity of HDAC2 through dimeriza-
tion with HDAC2 (24). Thus, during erythroid differentiation,
HDAC1 acetylation results in loss of histone deacetylase activ-
ity of HDAC1-containing corepressor complexes.
It has been reported that GATA-1 can recruit NuRD core-

pressor complexes through FOG-1 to target gene promoters
and repress transcription (36–39). Interestingly, the NuRD
complex was also required for the activation of GATA-1-di-
rected transcription (43). In this study, we further studied the
dynamic recruitment of the NuRD complex during gene acti-
vation and repression. Upon erythroid differentiation, the
�-globin and the GATA-1 genes are activated, whereas the
expression of the GATA-2 gene is repressed. We found that
the NuRD complex was recruited to the �-globin and GATA-1
gene loci in undifferentiated cells. After differentiation,
HDAC1 was acetylated, which extinguished deacetylase activi-
ties of the NuRD complex recruited by GATA-1. HDAC1 may
be acetylated by p300/CBP during gene activation as it was
shown that p300/CBP is recruited to GATA-1-activated pro-
moters (34, 56, 66). Thus, during erythroid differentiation,
p300/CBP may play multiple roles in GATA-1-mediated gene
activation. First, it can acetylate histone tails to establish an
active chromatin structure; second, it can acetylate GATA-1 to
enhance GATA-1 binding to chromatin; and third, it can acet-
ylate HDAC1 to suppress its deacetylase activity within the
NuRD corepressor complex to keep chromatin acetylated
(Fig. 7).
In contrast, at the GATA-2 locus, the binding of the NuRD

complex was low in undifferentiated cells; however, HDAC1
was present and was highly acetylated. The presence of acety-
lated HDAC1 correlated with the recruitment of p300/CBP,
histoneH3 andH4 acetylation, and gene activation at this stage.
After differentiation, p300/CBP dissociated from the GATA-2
locus (41), and recruitment of acetylated HDAC1 decreased as
well. It is not clear whether HDAC1 is recruited by FOG-1
because FOG-1 binding was found to be low at this stage. After
induction of erythroid differentiation, GATA-1, FOG-1, and
the NuRD complex were recruited to the promoter. Recruit-
ment of HDAC1 also increased during differentiation. In con-
trast, acetylated HDAC1 recruitment decreased; this indicates
that FOG-1 recruits the NuRD complex with high deacetylase
activity to theGATA-2 promoter to repressGATA-2 transcrip-
tion in differentiated cells. Interestingly, at later stages of
erythroid differentiation, recruitment of GATA-1 and the
NuRD complex was reduced at theGATA-2 locus (Figs. 6C and
7). This agrees with the observation that permanently silenced
genes have low occupancy of histone acetyltransferases and
HDACs (67). In contrast, FOG-1 still remained bound at the

GATA-2 enhancer and promoter elements, an observation that
requires further investigation.
It was shown previously that the NuRD-containing MeCP

complex is present at inactive genes during erythroid differen-
tiation (37, 68). MeCP is recruited to repressed chromatin
through its interaction with MBD2, a methyl DNA-binding
protein that recognizes methylated 5-cytosine-phosphogua-
nine islands. It has been shown that MBD2 is not present in
active chromatin where NuRD binds (37, 68). Because both the
MeCP and the NuRD complexes can be recruited to the pro-
moters by interactionwith FOG-1, it remains to be investigated
why the MeCP complex is not present at active promoters,
whereas NuRD remains bound. It will be interesting in future
studies to examine whether acetylation of HDAC1 plays a role
in the recruitment of the MeCP complex.
Our results also showed that NuRD remodeling activity was

not dependent on deacetylase activity. This agrees with previ-
ous observations showing that Mi2 is needed for GATA-1-me-
diated gene activation (43). It was also reported that chromatin
remodeling complexesmay be required for gene activation dur-
ing erythroid differentiation (63, 69–71). Thus, theNuRDcom-
plex may act as corepressor and coactivator depending on the
gene context. During gene activation, HDAC1 in the NuRD
complex is acetylated by p300/CBP, which results in the loss of
deacetylase activity. The gene-activating activity of NuRD is
likely mediated by its nucleosome remodeling activity. During
the repression phase, the NuRD complex can deacetylate his-
tones and remodel chromatin into a repressive structure
(Fig. 7).
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