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Nuclear receptors TR2 and TR4 (TR2/TR4) were previously shown to bind in vitro to direct repeat elements
in the mouse and human embryonic and fetal �-type globin gene promoters and to play critical roles in the
silencing of these genes. By chromatin immunoprecipitation (ChIP) we show that, in adult erythroid cells,
TR2/TR4 bind to the embryonic �-type globin promoters but not to the adult �-globin promoter. We purified
protein complexes containing biotin-tagged TR2/TR4 from adult erythroid cells and identified DNMT1, NuRD,
and LSD1/CoREST repressor complexes, as well as HDAC3 and TIF1�, all known to confer epigenetic gene
silencing, as potential corepressors of TR2/TR4. Coimmunoprecipitation assays of endogenous abundance
proteins indicated that TR2/TR4 complexes consist of at least four distinct molecular species. In ChIP assays
we found that, in undifferentiated murine adult erythroid cells, many of these corepressors associate with both
the embryonic and the adult �-type globin promoters but, upon terminal differentiation, they specifically
dissociate only from the adult �-globin promoter concomitant with its activation but remain bound to the
silenced embryonic globin gene promoters. These data suggest that TR2/TR4 recruit an array of transcriptional
corepressors to elicit adult stage-specific silencing of the embryonic �-type globin genes through coordinated
epigenetic chromatin modifications.

Regulatory pathways that control development through tem-
porally specified gene activation and repression mechanisms
have been recognized as “epigenetic” (i.e., heritable changes
not involving alterations in the primary DNA code) for de-
cades, although the molecules that elicit those developmental
programs through epigenetic means have only been elucidated
during the past several years. It is currently widely accepted
that metazoan transcription factors (both activators and re-
pressors) elicit their specific transcriptional responses through
an enormous variety of cofactor molecules whose major pur-
pose is to modulate chromatin structure (8, 31). Many such
cofactors have been shown to chemically modify histones, tran-
scription factors, and cofactors, as well as DNA, in order to
elicit the required transcriptional responses.

The �-globin locus has been extensively studied as a para-
digm for epigenetic regulation of lineage-specific and develop-

mentally specific gene expression (29), as well as for its clinical
relevance to �-globin disorders such as sickle cell disease and
�-thalassemia. The human �-globin locus is composed of ε-
(embryonic), G�- and A�- (fetal), and �- and �-globin (adult)
genes, which are spatially arranged from 5� to 3� and develop-
mentally expressed in the same order (72). The elucidation of
the molecular basis for �-globin silencing in the adult stage in
particular has been the focus of intense investigation, since it
has been observed that coinheritance of genetic conditions that
confer elevated �-globin synthesis can significantly alleviate the
symptoms of �-globin disorders (44, 56). Previously, several
adult-stage �-globin repressors have been identified, such as
BCL11A and SOX6 that physically interact with each other to
repress the �-globin genes (67, 84, 86), as well as Ikaros (42)
and GATA1 (20). In addition, KLF1 was recently shown to
indirectly repress �-globin synthesis through activation of the
BCL11A gene (3, 92), whereas Myb (66), FOP (78), and
COUP-TFII (1) also repress �-globin expression by currently
undefined mechanisms. While the precise mechanisms by
which any of these factors repress �-globin transcription is not
yet fully understood, overall, the available evidence suggests
that the collaborative action of multiple complex signaling
pathways, which are still to be fully elucidated, are required for
adult stage �-globin gene silencing.

We previously identified DRED (direct repeat erythroid
definitive) as a putative repressor complex that binds in vitro to
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the direct repeat (DR) elements, consensus binding sites for
nonsteroidal nuclear receptors, in the ε- and �-globin promot-
ers (76). Subsequently, we purified and characterized DRED
as a multiprotein complex with a molecular mass exceeding 500
kDa containing a heterodimer of the nuclear receptors TR2
and TR4 (TR2/TR4; in standardized nomenclature, NR2C1
and NR2C2, respectively) that can specifically bind in vitro to
the DR elements of the human embryonic ε- and fetal �-globin
promoters, as well as to the murine embryonic εY- and �H1-
globin promoters (73) (74). Another nuclear receptor COUP-
TFII has also been reported to bind to the ε- and �-globin DR
sequences in vitro (10). However, the functional significance of
COUP-TFII binding has not been clearly determined. Mutat-
ing the DR sequences in the ε- or �-globin promoters borne on
a YAC (for yeast artificial chromosome) transgene led to de-
repression of these genes in definitive erythroid cells of trans-
genic mice (55, 76). Further studies of mice in which wild-type
or dominant-negative TR2 or TR4 was forcibly expressed, as
well as analysis of mice bearing germ line null mutations in the
TR2 and TR4 genes, have demonstrated their roles in repres-
sion of the human ε- and �-globin genes, as well as the murine
embryonic globin genes (74). We also found that the Gata1
gene is a direct and temporally selective target of TR2/TR4
repression (75). These studies, while underscoring the partic-
ipation of TR2 and TR4 in erythroid cell physiology, did not
provide insights into the mechanistic underpinnings by which
TR2 and TR4 might elicit those temporal and lineage-specific
transcriptional responses.

Nuclear receptors comprise a unique category of ligand-
dependent activators and repressors since they have the ability,
usually mediated through their association with individually
unique small molecule ligands, to activate or repress gene
transcription. TR2 and TR4 are both widely expressed and
form homodimers and heterodimers that are capable of bind-
ing to DR sequences to either activate or repress target genes
(38). Analyses of germ line mutant mice have shown that TR4
activates the genes for ApoE/C-I/C-II (30), PEPCK (41), LH
receptor (6), and CD36 (83). Transcriptional repression by
TR2 was shown to be mediated through direct association with
RIP140 (34) and histone deacetylase 3 (HDAC3) (19). How-
ever, the molecular mechanisms that convert TR2 and TR4
from transcriptional activators to repressors and vice versa are
not well understood, although it was recently shown that un-
saturated fatty acids and their metabolites, as well as retinol
and all-trans retinoic acid, can act as activating ligands for TR4,
strongly implying that TR4 is no longer an “orphan” (77, 83)
(93).

We provide here direct in vivo evidence for TR2/TR4 bind-
ing to the proximal promoters of embryonic �-type globin
genes in adult erythroid cells, as would be predicted from their
role as adult-stage repressors of the embryonic and fetal �-type
globin genes. We also report that the most prominent TR2/
TR4-interacting proteins in adult erythroid (erythroleukemia)
cells are molecular complexes that are normally associated with
epigenetic gene silencing. These TR2/TR4 interacting proteins
include DNMT1 (DNA methyltransferase 1), HDAC3, and
TIF1� (transcriptional intermediary factor 1�), as well as the
NuRD (nucleosome remodeling and deacetylase) repressor
complex containing the chromatin remodeling ATPase Mi2
and HDAC1/2, and the LSD1/CoREST repressor complex

containing HDAC1/2 and LSD1 (lysine-specific histone de-
methylase 1) that demethylates mono- and dimethyl-histone
H3 lysine 4 (H3K4), an activating histone epigenetic modifica-
tion. Finally, by chromatin immunoprecipitation (ChIP) analysis,
we found that, in undifferentiated murine adult erythroleuke-
mia cells, these corepressor proteins associate with both em-
bryonic and adult �-type globin promoters; however, upon
terminal differentiation they specifically dissociate only from
the adult �-globin promoter concomitant with its activation but
remain bound to the silenced embryonic globin gene promot-
ers. These data collectively suggest that TR2 and TR4 recruit
and coordinate a well-defined array of distinct transcriptional
corepressors to elicit developmental stage-specific gene silenc-
ing through a series of epigenetic chromatin modifications by
nucleosome remodeling, histone deacetylation and H3K4 de-
methylation, and DNA CpG methylation.

MATERIALS AND METHODS

Real-time PCR analysis for murine �-type globin gene expression in MEL
cells. Mouse erythroleukemia (MEL) cells were cultured in RPMI medium 1640
(Gibco) supplemented with 10% fetal calf serum plus 20 mg of glutamine/liter.
Total RNA was prepared from three independent cultures of MEL cells either
before or 1, 3, or 5 days after differentiation induction with 2% dimethyl sulfox-
ide (DMSO) and then used as a template for cDNA synthesis as described
previously (74). Real-time quantitative PCR was performed with 0.1 �l of the
cDNA samples in triplicate in a 25-�l reaction using SYBR green Master Mix
(Applied Biosystems) on an ABI Prism 7000 (Applied Biosystems). The abun-
dance of each cDNA was calculated based on the threshold cycle (CT) value and
the amplification efficiency, which was determined experimentally for each
primer set, and then normalized to the abundance of 18S rRNA transcript as the
internal control. All of the primer sets except for 18S were designed to span
introns. PCR primers used to quantify the expression of murine embryonic εY-
and �H1-globin, adult �-globin (coamplifying both �major and �minor) mRNAs
and 18S rRNA are shown in Table 1.

Antibodies. Rabbit polyclonal antibodies against TR2 and TR4 generated and
purified as described previously (74) were further purified with a Melon Gel IgG
spin purification kit (Thermo Scientific). For coimmunoprecipitation and West-
ern blotting, we used antibodies against DNMT1 (sc-20701), MTA1 (sc-10813),
MTA2 (sc-9447), HDAC2 (sc-7899), Mi2� (sc-8774), RbAp46/48 (sc-8272),
MBD2 (sc-12444), MBD3 (sc-9402), CoREST (sc-23448), LSD1 (sc-67272), and
TIF1� (sc-33186) from Santa Cruz Biotechnology; antibodies against HDAC1
(ab7028), p66 (ab76924), HDAC3 (ab7030), and LSD1 (ab17721) from Abcam;
and an antibody against TIF1� (K0075-04) from US Biologicals. For the ChIP
assays, we used the same Abcam antibodies against HDAC1, HDAC3, and
LSD1, as well as antibodies against CoREST (ab24166), TIF1� (ab10483),
DNMT1 (ab16632), and Mi2� (ab72418) and normal rabbit IgG (ab46540) from
Abcam, and an MTA1 antibody (sc-10813) from Santa Cruz Biotechnology.

ChIP assays. ChIP assays were performed essentially as described previously
(13, 54) with minor modifications. MEL cells were harvested before or after
differentiation induction (with 2% DMSO for 5 days). Differentiation was con-
firmed by benzidine staining of the cells (�90%). Human primary erythroid cells
differentiated ex vivo from CD34� cells were harvested on days 8, 11, and 14 of
the differentiation culture (below). A total of 108 cells were washed twice with
phosphate-buffered saline (PBS) and then incubated with 1% formaldehyde
(Polysciences) in 50-ml PBS at room temperature for 10 min with gentle shaking,
followed by the addition of 0.125 M glycine and continued incubation for 5 min.
For ChIP assays with the TR2 or TR4 antibodies, the cells were treated with 2
mM ethylene glycol-bis(succinimidyl succinate) (EGS; Pierce) in 50 ml of PBS at
room temperature for 30 min prior to the addition of formaldehyde as described
previously (89). All procedures were carried out at 0 to 4°C unless specifically
stated otherwise. After the cells were lysed with a Dounce homogenizer in 10 ml
of cell lysis buffer (5 mM PIPES [pH 8.0], 85 mM KCl, 1% Igepal) with protease
inhibitors (10 �g of aprotinin/ml, 10 �g of leupeptin/ml, and 1 mM phenylmeth-
ylsulfonyl fluoride [PMSF]), nuclei were collected by centrifugation at 13,000 �
g for 5 min and then lysed by incubation in 2 ml of ChIP lysis buffer (50 mM Tris
[pH 8.0], 10 mM EDTA, 1% sodium dodecyl sulfate [SDS]) containing the
protease inhibitors for 30 min. After shearing DNA by sonication, the lysate was
clarified by centrifugation (at 10,000 � g for 10 min) and then divided into 20-�l
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aliquots for immunoprecipitation (IP), to which 500 �l of IP dilution buffer (50
mM Tris [pH 7.4], 150 mM NaCl, 1% Igepal, 0.25% deoxycholic acid, 1 mM
EDTA, and protease inhibitors) was added. After the addition of 1 to 10 �g of
antibody to the 500 �l of lysate (equivalent to 106 cells) and incubation for 12 h,
15 �l of protein A-agarose beads (Millipore) was added to the lysate and mixed
by rotation for an additional 2 h. The beads were washed with 1 ml of IP dilution
buffer without protease inhibitors with rotation three times for 5 min and then
once with PBS. Protein-DNA cross-linked material was then eluted by vortexing
in 150 �l of elution buffer (50 mM NaHCO3, 1% SDS) for 30 min at room
temperature. After the beads were removed by centrifugation (190 � g for 5 min
at room temperature), 5 M NaCl was added to a final concentration of 0.54 M.
After the samples were heated to 67°C for 2 h to reverse the cross-linking, the
DNA was purified by using a QIAquick PCR purification kit (Qiagen) and then
subjected to real-time quantitative PCR assay with SYBR green. PCR assays
were performed in triplicate from at least two independent immunoprecipita-
tions. The abundance of specifically immunoprecipitated DNA relative to input
was calculated from the CT values for the samples, and the amplification effi-
ciency was determined experimentally for each primer set. The PCR primers
used to quantify murine genomic sequences in the embryonic εY- and �H1-
globin and the adult �major-globin promoters, the intergenic region between
�H1- and �major-globin genes, and the SCAP gene promoter, as well as human
genomic sequences in the embryonic ε-, fetal �-, and adult �-globin promoters,
are shown in Table 1.

Ex vivo differentiation of purified human CD34� cells. Cryopreserved vials of
purified human CD34� cells, which were mobilized in and isolated from the
peripheral blood of healthy donors, were purchased from the Fred Hutchinson
Cancer Research Center. The cells were grown and differentiated ex vivo into the
erythroid lineage by a two-phase culture method reported previously (16).
Briefly, during the first phase (from days 0 to 8), the cells were cultured in IMDM
basic medium (Biochrom) supplemented with 40 �g of inositol/ml, 10 �g of folic
acid/ml, 160 �M monothioglycerol, 120 �g of iron-saturated human transferrin/
ml, 10 �g of insulin/ml, 900 ng of ferrous sulfate/ml, 90 ng of ferric nitrate/ml, 1
�M hydrocortisone, and 5 ng of interleukin-3 (IL-3)/ml, which were all pur-
chased from Sigma-Aldrich, and 200 mM L-glutamine (Invitrogen), 1% deion-
ized bovine serum albumin (Stemcell Technologies), 100 ng of stem cell factor
(Prospec)/ml, and 3 IU of erythropoietin/ml, which was purchased from Amgen.
During the second phase (day 8 through day 14), the cells were cultured in the
same medium without hydrocortisone or IL-3.

Plasmid construction and transfection. The 23-amino-acid biotinylation tag
sequence (7) was cloned into the NcoI site overlapping the translation initiation
codon of the N-terminally FLAG-tagged TR2 and TR4 cDNAs previously cloned
in pBluescript II SK(�) (73). After the introduction of an EagI linker into the
XhoI site of the multiple cloning site at the C terminus of the biotin-FLAG-TR2
or biotin-FLAG-TR4 construct, the tagged cDNAs were released from the vector
by EagI digestion and cloned into a unique NotI site in the erythroid-specific
expression vector pEV3neo (52). The pEV3neo vectors expressing tagged TR2
or TR4 were transfected into MEL cells stably transformed with the BirA biotin
ligase, as previously described (7). Clones were obtained by G418 and puromycin
selection (the latter selects for BirA-expressing cells) and screened by immuno-
blotting for efficient expression and biotinylation of tagged TR2 and TR4.

Fractionation of nuclear extract by Superose 6 gel filtration. Nuclear extracts
were prepared from MEL cells expressing tagged TR2 and TR4, which were
induced to differentiate, as previously described (7, 60). Size fractionation of
MEL nuclear extracts using an analytical Superose 6 column was carried out as
previously described (59, 60). Preparative size fractionation by gel filtration was
done by injecting 40 mg of nuclear extract protein (in 5 ml) into a preparative-
grade Superose 6 XK50/600 column connected to an AKTAFPLC system (GE
Healthcare Life Sciences) equilibrated in running buffer (20 mM HEPES [pH
7.9], 0.5 mM EGTA, 1 mM MgCl2, 200 mM KCl, 10% glycerol). Gel filtration
was carried out at 4°C, and 10-ml fractions were collected and concentrated by
trichloroacetic acid precipitation for analysis by immunoblotting or pooled and
bound directly to streptavidin beads, as described below. A detailed protocol for
preparative Superose 6 gel filtration has already been described (60).

Binding to streptavidin beads. Direct binding of nuclear extracts to strepta-
vidin beads was carried out as described previously (7, 60). After pooling frac-
tions 20 to 38 from the preparative gel filtration, the KCl and NP-40 concentra-
tions were adjusted to 150 mM and 0.3%, respectively. Diluted, pooled fractions
were then divided into 50-ml Falcon tubes, to which Dynabeads M-280–strepta-
vidin (Invitrogen), preblocked as described previously (7), was added for over-
night incubation at 4°C on a rotating wheel. Approximately 10 �l of resuspended
beads were used per original 10-ml fraction. After overnight incubation, the
beads were washed as described previously (7). Bound proteins were eluted with
1� Laemmli sample buffer (50 �l of sample buffer per 20 �l of beads), and then
resolved by SDS-PAGE. Alternatively, bound proteins were treated with trypsin
directly on the beads and processed for mass spectrometry as described below.

Mass spectrometry. Proteins eluted from streptavidin beads were resolved by
SDS-PAGE, and gel lanes were cut into slices by using an automatic gel slicer
and subjected to in-gel trypsinization, essentially as described previously (69).
Alternatively, bound proteins were treated with trypsin on the beads after re-
suspending in 50 mM ammonium bicarbonate and adding trypsin (sequencing
grade; Promega) to approximately 60 ng/mg of total protein, followed by over-
night incubation at 37°C (64). The supernatant containing the trypsin-treated
peptides was then recovered by magnetically removing the beads. Peptides re-
leased by in-gel or on-bead trypsinization were analyzed by nano-LC-MS/MS
performed on either a CapLC system (Waters, Manchester, United Kingdom)
coupled to a Q-ToF Ultima mass spectrometer (Waters), operating in positive
mode and equipped with a Z-spray source, or on a 1100 series capillary LC
system (Agilent Technologies) coupled to an LTQ-Orbitrap or LTQ-FT-MS
mass spectrometer (both from Thermo Scientific) operating in positive mode and
equipped with a nanospray source. Peptides were trapped and separated on a
Jupiter C18 reversed-phase column (Phenomenex) using a linear gradient from 0
to 80% medium B (where medium A 	 0.1 M acetic acid and medium B 	 80%
[vol/vol] acetonitrile, 0.1 M acetic acid) using a splitter. The column eluate was
directly sprayed into the electrospray ionization source of the mass spectrometer.
Mass spectra were acquired in continuum mode; fragmentation of the peptides
was performed in data-dependent mode.

Data analysis and protein identification. Peak lists were automatically created
from raw data files using ProteinLynx Global Server software (version 2.0;
Waters, Manchester, United Kingdom) for Q-ToF spectra and Mascot Distiller
software (version 2.0; MatrixScience, London, United Kingdom) for LTQ-

TABLE 1. Primers used for real-time quantitative PCR

Method and target
Sequence (5�–3�)

Sense Antisense

RT-PCR
εY-globin ACCCTCATCAATGGCCTGTGGA CATGGGCTTTGACCCTTGGG
�H1-globin ATCATGGGAAACCCCCGGA GGGTGAATTCCTTGGCAAAATGAGT
Adult �-globin TCTGCTATCATGGGTAATGCCAAA GAAGGCAGCCTGTGCAGCG
18S rRNA GCTGCTGGCACCAGACTT CGGCTACCACATCCAAGG

ChIP assay
εY promoter GAAAGAATACCTCCATATCTAATGTGCAT CTGCATTATTCTTTGAAGCTATTGGT
�H1 promoter GGACCCCACCCCTGTCTT TTACCCCTCCCCAGGACTCT
�major promoter GAAGCCTGATTCCGTAGAGC CAACTGATCCTACCTCACCTTATATGC
�H1-�major intergenic CGGGATGGGCATTAAAGGTA AACAACCTGTGTCAGAAGCAGATG
SCAP CGCGGTCCGGTGTTTG GGAAAGGTAGGAGTTGAGAGGTGAA
Human ε promoter CACAAACTTAGTGTCCATCCATCAC CCCTGTTCTCCATGGTACTTAAAAG
Human � promoter GCAAATATCTGTCTGAAACGG GTGGAACTGCTGAAGGGTGCTT
Human � promoter GAGGGTTTGAAGTCCAACTCCTAA CAGGGTGAGGTCTAAGTGATGACA
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Orbitrap and LTQ-FT-MS spectra. The Mascot search algorithm was used for
searching the National Center for Biotechnology Information (NCBI) database
(NCBI no. 20060106; taxonomy Mus musculus). The Mascot score cutoff value
for a positive hit was set to 65. Individual peptide MS/MS spectra with Mowse
scores below 40 were checked manually and either interpreted as valid identifi-
cations or discarded. Identified proteins listed as NCBI database entries were
screened to identify proteins that were also identified in mass spectrometry
experiments from control BirA-expressing cells (7). These were removed as
background binding proteins. The remaining proteins were classified according
to gene ontology criteria as listed for each protein in the Mouse Genome
Informatics database (http://www.informatics.jax.org/) and were then grouped
according to a highly representative identifier based on biological process or
molecular function.

Streptavidin pulldown assay. Nuclear extracts were prepared as described
previously (76) from MEL cells expressing biotin-tagged TR2 and TR4. Pre-
blocked Dynabeads M-270–streptavidin (Invitrogen) was incubated with the nu-
clear extracts containing biotin-tagged TR2 and TR4 proteins for 1 h at 4°C with
rotation according to the manufacturer’s instructions. Portions (150 �g) of nu-
clear extract protein were used for each assay. After the beads were washed three
times with buffer (10 mM HEPES-KOH [pH 9.0], 250 mM KCl, 1.5 mM MgCl2,
0.25 mM EDTA, 20% glycerol, 0.3% NP-40, 1 mM PMSF), bound proteins were
eluted from the beads by boiling in 1� Laemmli sample buffer and then sub-
jected to SDS-PAGE, followed by immunoblotting.

Immunoprecipitation. Antibodies were coupled to Dynabeads-protein G (In-
vitrogen) by incubation for 2 h at 4°C with rotation according to the manufac-
turer’s instructions. The beads were then incubated with nuclear extracts (150 �g
of protein) prepared from untransfected MEL cells for 2 h at 4°C. After the
beads were washed with ice-cold PBS three times, immunoprecipitated proteins
were eluted by boiling in 1� Laemmli sample buffer and then subjected to
immunoblotting.

Immunoblotting. After SDS-PAGE, the proteins were transferred to a nitro-
cellulose membrane (Li-Cor) and probed with specific primary antibodies (de-
scribed above) and fluorescence-conjugated secondary antibodies (Li-Cor). The
proteins were visualized on an Odyssey infrared imaging system (Li-Cor).

RESULTS

Binding of TR2 and TR4 to the embryonic �-type globin
promoters in adult erythroid cells. Our previous biochemical
and genetic studies suggested that a TR2/TR4 heterodimer
directly represses the embryonic and fetal �-type globin genes
in adult erythroid cells through direct repeat (DR) elements in
their promoters. In order to provide further evidence for this
contention, we performed ChIP assays to demonstrate in vivo
TR2/TR4 binding to the embryonic �-type globin promoters in
adult erythroid cells. To do so, we used the MEL cell line, the
only established cell line with a gene expression profile typical
of adult erythroid cells, where the embryonic εY and �H1
genes, orthologues of human embryonic ε- and fetal �-globin
genes, respectively (which both possess DR sequences in their
promoters), are silenced.

Differentiation of MEL cells was induced by exposure of
cells to 2% DMSO for 5 days, which was confirmed by accu-
mulation of adult �-globin mRNA (Fig. 1A), as well as by
benzidine staining (�90% benzidine-positive cells). Cross-
linked chromatin from MEL cells before and after differenti-
ation induction with DMSO was prepared and analyzed for
TR2 and TR4 binding to the globin gene promoters (Fig. 1B).
In undifferentiated MEL cells, statistically significant TR4 en-
richment at both εY and �H1 promoters compared to control
IgG was detected. TR2 was also enriched at both promoters,
albeit with slightly lower statistical significance, whereas no
TR2 or TR4 binding was detectable to the adult �major-globin
promoter (that does not have a DR consensus sequence) or to
a random intergenic region between the �H1 and �major genes.
In differentiated MEL cells, statistically significant binding of

both TR2 and TR4 was detected at the εY promoter, whereas
only TR4 was detected at the �H1 promoter. Interestingly,
TR2/TR4 binding to the εY promoter increased after differ-
entiation induction, whereas their binding to the �H1 pro-
moter was diminished, which may suggest differential regula-
tion and roles of TR2/TR4 in the silencing of the εY versus the
�H1 gene, but its significance and underlying mechanisms re-
main unexplored (see Discussion). By ChIP assay, we also
detected in vivo TR2/TR4 binding to the human embryonic ε-
and fetal �-globin promoters, which also have DR sequences
(74), in primary human adult erythroid cells, which were dif-
ferentiated ex vivo from purified CD34� hematopoietic pro-
genitor cells (data not shown). TR2/TR4 binding was not de-
tectable on the adult �-globin promoter (that again, lacks a DR
consensus sequence).

Expression of biotin-tagged TR2 and TR4 in MEL cells. In
order to investigate details of the molecular mechanisms un-
derlying silencing by TR2/TR4 of the embryonic and fetal
�-type globin genes in adult erythroid cells, we next set out to

FIG. 1. TR2/TR4 bind to the murine embryonic �-type globin gene
promoters in adult erythroid (MEL) cells during differentiation.
(A) Accumulation of murine adult �-globin transcripts (total of �major-
and �minor-globin mRNAs), determined by reverse transcription and
real-time quantitative PCR (RT-qPCR), in MEL cells during differ-
entiation induced by 2% DMSO. (B) Binding of TR2 and TR4 to the
proximal promoter regions, including the DR sequences, of the murine
embryonic εY- and �H1-globin genes in undifferentiated or differen-
tiated MEL cells was analyzed by ChIP assay. The statistical signifi-
cance of TR2 or TR4 enrichment at the embryonic globin promoters
compared to control IgG values is indicated with asterisks (*, P 
 0.08;
**, P 
 0.04 [Student t test]). For negative controls, the proximal
promoter of the adult �major-globin gene (�maj; which has no DR
sequence), as well as an intergenic DNA segment (Inter) lying between
the �H1 and �major genes (5.9 kbp 5� to the �major promoter), was also
analyzed. Error bars represent standard errors of the mean (SEM).
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identify molecules that physically interact with TR2/TR4 and
are thereby recruited to those genes to elicit stage-specific
silencing. We transfected both biotin-FLAG-tagged TR2 and
TR4 into MEL cells expressing the BirA biotin ligase to estab-
lish stably transformed cell lines (Fig. 2A) (7), since it has been
previously shown that TR2 and TR4 preferentially het-
erodimerize (35) and that the TR2/TR4 heterodimer forms the
core of the DRED complex that binds with high affinity to the
DR sequences in the human ε- and �-globin promoters (73,
74). We further reasoned that affinity tagging both proteins
would help enrich for the DRED complex during protein com-
plex purification. Immunoblot analysis of double transfectants
using TR2 and TR4 antibodies showed that the tagged orphan
receptors were expressed at higher levels than their endoge-
nous counterparts, possibly as a consequence of using the het-
erologous human �-globin gene promoter of the pEV3neo
vector to direct TR2 and TR4 expression (Fig. 2B). In fact, the
forcibly expressed, tagged TR2 and TR4 proteins appeared to
repress endogenous receptor levels (suggesting a potential

negative transcriptional feedback loop, which was not explored
further here). We tested the efficiency of TR2 and TR4 bioti-
nylation by direct binding of nuclear extracts to streptavidin
beads and found that 80 to 90% of the tagged protein was
biotinylated by comparison of band intensities in the input and
supernatant (Sup) lanes (Fig. 2B).

Identification of TR2/TR4 interacting proteins by mass
spectrometry. We next assessed, by size exclusion chromatog-
raphy (with an analytical Superose 6 gel filtration column), the
presence of TR2/TR4 in high-molecular-weight protein com-
plexes in MEL nuclear extracts. The fractionation profiles of
tagged TR2/TR4 proteins, as detected by streptavidin-horse-
radish peroxidase (HRP), were similar to those for the endog-
enous proteins in nuclear extracts from untransfected MEL
cells (Fig. 3A). The majority of tagged TR2 and TR4 proteins
elute in peaks equivalent to, or only slightly larger than, the
molecular mass of a heterodimer (approximately 167 kDa,
fraction 27 and higher), whereas less of the tagged protein
elutes with massive (�670-kDa) molecular mass fractions.
When we attempted larger-scale streptavidin binding of biotin-
tagged TR2/TR4 from MEL nuclear extracts and then visual-
ized the eluted material by Coomassie blue staining, we ob-
served a strongly staining band migrating with a molecular
mass consistent with that of the TR2 and TR4 monomers, with
other co-eluting proteins staining more weakly (Fig. 3C). This
was also reflected in the mass spectrometric analysis of this
same gel lane, showing that the vast majority of peptides iden-
tified were derived from TR2 and TR4, with little information
regarding the identity of other co-eluted proteins (data not
shown).

On the basis of these initial observations and in order to
enrich for the TR2/TR4 high-molecular-weight complexes, we
used a preparative Superose 6 gel filtration column with a
matrix bed volume of 550 ml, thus allowing us to fractionate
more than 40 mg of protein prepared from the MEL nuclear
extracts. Fractions with a molecular mass greater than that of
the TR2/TR4 heterodimer were pooled in order to ensure that
all high-molecular-weight TR2/TR4 complexes were captured
and then bound to streptavidin beads (Fig. 3B). By Coomassie
blue staining, numerous copurified protein bands were ob-
served on SDS-polyacrylamide gels (Fig. 3D). The retained
proteins were eluted by boiling and then separated by SDS-
PAGE, followed by trypsinization of gel slices or treated with
trypsin while still bound to the beads.

Peptides were identified by Q-TOF or LTQ-FT mass spec-
trometry in three separate experiments. After subtraction of
the background protein binding (7), the remaining peptides
were manually curated and the proteins were then grouped
according to broadly representative gene ontology (GO) crite-
ria. Identified proteins known to play direct roles in transcrip-
tional regulation are summarized in Table 2, whereas a com-
plete list of all peptides identified by three independent mass
spectrometric analyses is available elsewhere (see Table S2
at http://www.fleming.gr/files/Supplementary_table_S2.doc).
Since the total number of peptides identified per protein pro-
vides some indication of its relative abundance, we also de-
picted graphically the number of peptides corresponding to
each GO class as a percentage of the total number of peptides
(e.g., for experiment 1 in Fig. 4).

While, as anticipated, we found that TR2 and TR4 were the

FIG. 2. Experimental strategy for characterizing TR2/TR4-inter-
acting proteins in MEL cells. (A) TR2 and TR4 cDNAs were tagged
with biotinylation and FLAG sequences and then stably transfected
into BirA-expressing MEL cells. DBD, DNA-binding domain; LBD,
ligand binding domain. (B) Efficient biotinylation and recovery of
tagged TR2 and TR4 from transformed MEL cells. Untransfected
MEL and input lanes indicate the relative abundance of endogenous
and biotin-tagged transfected TR2 and TR4 proteins. For input and
supernatant (Sup) lanes, the same volumes of nuclear extracts before
and after streptavidin-bead binding were loaded. Endogenous and
transfected TR2 and TR4 proteins were detected by immunoblotting
with anti-TR2 and anti-TR4 antibodies (upper and middle panels)
(74). Biotin-tagged TR2 and TR4 were detected by using HRP-conju-
gated streptavidin (bottom panel).
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most abundant proteins identified, a number of enzymes and
accessory factors related to transcriptional regulation and
chromatin remodeling/modification were copurified with TR2
and TR4. Intriguingly, we found DNMT1 to be among the
most abundant of these copurifying proteins in all three exper-

iments. A number of subunits of the NuRD repressor complex
(85) were also consistently identified in all experiments. In
addition, we identified a number of corepressor proteins that
have been previously reported to interact with other nuclear
receptors. These include TIF1� (33), LSD1 (70), and Sin3A
(50). Other coregulatory proteins for nuclear receptors, NonO
(p54nrb), SFPQ (PSF), and PSPC1 (PSP1) (45) (25), which are
less well characterized and also known as paraspeckle-associ-
ated proteins, were also identified in all mass spectrometric
analyses. Coactivators HCF1 (host cell factor 1) (82), CAPER
(27), and BRG1 (28) were also identified in multiple experi-
ments.

Other classes of identified proteins included those involved
in cellular functions related to cell cycle, cell division, DNA
replication and recombination (broadly classified as cell cycle
related), heat shock proteins, chaperonins, proteins involved in
intracellular protein transport and in the ubiquitin cycle (Fig.
4; see also Table S2 at http://www.fleming.gr/files/Supplementary
_table_S2.doc). Interactions of nuclear receptors with heat shock
proteins acting as chaperones are well characterized, and these
chaperones have been implicated in refolding and nuclear
translocation of nuclear receptors (49). It is possible that co-
purification of chaperonins, intracellular protein transporters,
and ubiquitin cycle proteins is related to proper folding, intra-
cellular localization, and regulated degradation of TR2
and TR4.

Interactions of putative corepressors with biotin-tagged
TR2 and TR4. The association of TR2/TR4 with the NuRD
repressor complex subunits (HDAC1/2, MTA1/2, Mi2�, and
RbAp46/48), as initially indicated by mass spectrometry, was
confirmed by immunoblotting of proteins recovered using
streptavidin beads from nuclear extracts of MEL cells express-
ing biotin-tagged TR2 and TR4 (Fig. 5). In addition, other
NuRD subunits that were not detected by mass spectrometry
(e.g., MBD3 and p66) were also confirmed by immunoblot
analysis, whereas MBD2 (39) was never detected by either
mass spectrometry or immunoblotting.

The interactions between TR2/TR4 and DNMT1, LSD1,
and TIF1�, as originally identified in the mass spectrometry
experiments, were also verified by streptavidin pulldown and
immunoblotting (Fig. 5). In addition, CoREST, a component
of the LSD1/CoREST repressor complex together with
HDAC1/2 (37), was also found to interact with biotinylated
TR2/TR4, even though it was not originally detected by mass
spectrometry. Finally, a previously reported interaction of
HDAC3 with TR2 (19) was also confirmed by immunoblotting,
although it was not detected by mass spectrometry.

Interactions between natural abundance proteins. In order
to verify that the protein-protein interactions detected by mass
spectrometry and immunoblotting following streptavidin-bead
purification of tagged TR2/TR4 were genuine and to specifi-
cally rule out potentially artifactual interactions that might
result from the (aberrantly abundant) expression of tagged
TR2/TR4, we performed coimmunoprecipitation assays using
nuclear extracts prepared from untransfected MEL cells. TR2,
TR4, DNMT1, HDAC3, TIF1�, LSD1, and NuRD subunits
(MTA1, HDAC1, Mi2�, and RbAp46/48) (Fig. 6 and 7) were
individually immunoprecipitated from nuclear extracts of un-
transfected MEL cells and then probed on immunoblots to
detect potentially interacting proteins. In immune complexes

FIG. 3. Recovery of proteins that copurify with biotinylated TR2/
TR4. (A) Size fractionation of nuclear extracts by analytical Superose
6 gel filtration. Fractions from induced (wild-type) MEL cells were
analyzed by immunoblotting with anti-TR2 (top panel) or anti-TR4
(middle panel) antibodies. Fractions from induced MEL cells trans-
formed with biotin-tagged TR2 and TR4 were analyzed by affinity
blotting with HRP-conjugated streptavidin (bottom panel). The void
volume (V0) and the elution of two molecular mass markers are indi-
cated with arrows. (B) Fractionation of biotin-tagged TR2 and TR4 on
a preparative Superose 6 column. Biotinylated TR2/TR4 proteins were
detected by affinity blotting with HRP-streptavidin. Fractions that were
pooled for streptavidin binding and mass spectrometric analysis are
boxed. (C) Coomassie blue-stained SDS-polyacrylamide (4 to 12%
gradient) gel of proteins bound to streptavidin beads from unfraction-
ated MEL nuclear extract. Unfractionated nuclear extract prepared
from induced MEL cells transfected with tagged TR2 and TR4 was
incubated with streptavidin beads, from which bound proteins were
eluted with 1� Laemmli sample buffer for SDS-PAGE. The arrow
indicates the migration position of tagged TR2 and TR4 proteins.
Input, MEL nuclear extract before binding to streptavidin beads; M,
molecular mass markers. (D) Coomassie blue-stained SDS-polyacryl-
amide (8%) gel showing proteins bound to streptavidin beads from
size-fractionated MEL nuclear extract. Proteins in size-fractionated
nuclear extract from the transfected MEL cells were bound to and then
eluted from streptavidin beads prior to SDS-PAGE.
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precipitated with either the anti-TR2 or anti-TR4 antibodies,
all of the NuRD subunits that were detected by streptavidin
pull-down, namely, HDAC1/2, MTA1/2, Mi2�, RbAp46/48,
MBD3, and p66, were also detected, whereas MBD2, once

again, was not (Fig. 6, left). In the reverse experiments, where
antibodies against MTA1, HDAC1, Mi2�, and RbAp46/48
were used for immunoprecipitation, both TR2 and TR4 were
detected in immune complexes (Fig. 6, right). These recipro-
cally reinforced data confirmed that a bona fide physical inter-
action takes place between TR2/TR4 and the NuRD complex
that contains the MTA1/2, HDAC1/2, Mi2�, RbAp46/48,
MBD3, and p66 subunits.

DNMT1 and HDAC3 were also coprecipitated in immune
complexes formed with either anti-TR2 or TR4 antibodies
(Fig. 6, left). In the reverse experiment with anti-DNMT1 or
HDAC3 antibody for primary immunoprecipitation, both TR2
and TR4 were detected (Fig. 6, left). These results confirmed
the in vivo interaction of TR2/TR4 with DNMT1, as well as
with HDAC3. TIF1� was also detected in the complex precip-
itated with either the anti-TR2 or anti-TR4 antibodies. When
the reverse experiment was performed, TR2 was detected in
the TIF1� immunoprecipitate, although TR4 was barely de-
tectable. These results confirmed the in vivo interaction of TR2
with TIF1�, despite the lack of clear detection of coprecipi-
tated TR4, possibly due to the lower abundance of TR4 com-
pared to TR2 in MEL cells (data not shown). LSD1/CoREST
complex subunits that were detected in the streptavidin puri-
fications were also detected in the TR2 or TR4 immunopre-
cipitates. In the reverse experiments with an antibody recog-
nizing LSD1 in the immunoprecipitation step, both TR2 and
TR4 were detected (Fig. 7). These final coprecipitation results

TABLE 2. Mass spectrometric identification of TR2/TR4 interacting proteins

Protein identity

Peptide content

Expt 1 Expt 2 Expt 3

Totala % Coverage Total % Coverage Total % Coverage

Orphan nuclear receptors
TR4 53 32.0 101 36.7 26 27.7
TR2 28 9.7 22 22.5 9 17.3

DNMT1 35 13.5 14 10.1 15 10.4

NuRD complex
Mi2� 1 1.1 4 5.3 6 4.4
HDAC1 2 4.4 3 8.9
HDAC2 2 4.9
RbAp48 2 2.0 3 6.3 1 1.9
RbAp46 2 2.0 3 6.8
MTA1 7 8.7 1 1.7 1 1.8
MTA2 2 2.8

Corepressors
TIF1� 16 12.7 6 9.0 1 1.8
LSD1 1 3.4
NonO 10 7.8 9 17.8 7 11.0
SFPQ 12 15.3 8 15.9 10 18.2
PSPC1 1 3.3 3 7.8 2 4.6
Sin3A 1 1.1

Coactivators
HCF1 4 2.5 2 1.4 1 0.8
CAPER 2 4.9 1 2.6
BRG1 2 1.4 1 0.8

Total 388 371 229

a “Total” specifies the numbers of total peptide sequences for each protein identified in three independent mass spectrometry experiments. The percent coverage
refers to the percentage of full-length sequence of each protein identified in these analyses.

FIG. 4. Different classes of proteins identified by mass spectrometry as
TR2/TR4-interacting proteins. The number of peptides corresponding to the
different GO classes (see the text) is presented as a percentage of the total
number of peptides shown in mass spectrometry experiment 1 in Table 2 and
in Table S2 at http://www.fleming.gr/files/Supplementary_table_S2.doc.
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showed that TR2 and TR4 also interact with the LSD1/
CoREST complex in vivo.

Interactions between the corepressor proteins. In addition
to the interactions of TR2 and TR4 with potential accessory
cofactors, novel as well as known interactions between these
coregulatory proteins were further investigated by coimmuno-
precipitation assays. When several NuRD components
(MTA1, HDAC1, Mi2�, or RbAp46/48) were immunoprecipi-
tated with unique antibodies, most of the other NuRD com-
ponents could clearly be detected in the immune complexes
(Fig. 6, right), a finding consistent with the reported subunit
structure of the NuRD complex (85). In the immune complex
that was precipitated using an anti-HDAC1 antibody, the
CoREST complex subunits, LSD1 and CoREST, were de-
tected (Fig. 6, right), whereas in the immune complex precip-
itated with an anti-LSD1 antibody, HDAC1, HDAC2, and
CoREST were detected (Fig. 7). These data are consistent with
the reported subunit structure of the LSD1/CoREST complex
(37).

Among the immune complexes precipitated with the anti-
DNMT1 antibody, most of the NuRD subunits (MTA1/2,
HDAC1/2, Mi2�, and RbAp46/48) were coprecipitated and

detected by immunoblotting (Fig. 6, left). In the reverse ex-
periments, DNMT1 was also detected in immune complexes
that were first precipitated with antibodies against the NuRD
subunits MTA1, HDAC1, Mi2�, or RbAp46/48 (Fig. 6, right).
These data clearly demonstrated a novel in vivo interaction
between DNMT1 and the NuRD complex. In the DNMT1
immune precipitates, LSD1 was also detected by immunoblot-
ting (Fig. 6, left). In the reverse experiment, DNMT1 was
similarly detected in LSD1 immunoprecipitates (Fig. 7), which
is consistent with a previously reported interaction between
DNMT1 and LSD1 (79). DNMT1 was also detected in both
HDAC3 and TIF1� immunoprecipitates, whereas in the

FIG. 5. Immunoblotting analysis of proteins precipitated with
streptavidin beads from MEL cells expressing biotin-tagged TR2 and
TR4. Nuclear extracts were prepared from induced MEL cells express-
ing the biotin ligase gene (birA) without (control) or with biotin-tagged
TR2 and TR4 and then incubated with streptavidin beads. A total of
150 �g of nuclear extract protein was used in each binding reaction.
Proteins precipitated with the beads (Bound), 10% of the input (15 �g
of protein), and 10% of supernatants (Sup) were subjected to SDS-
PAGE, followed by immunoblotting with antibodies that recognize the
proteins shown to the left of the figure. TR2/TR4-interacting proteins
identified by mass spectrometry are indicated by asterisks.

FIG. 6. Immunoblotting analysis of protein interactions in untrans-
formed MEL cells. Nuclear extracts were prepared from untrans-
fected, induced MEL cells and incubated with protein G beads coupled
with antibodies against proteins shown at the top of the figures or with
a control IgG. A total of 150 �g of nuclear extract protein was used for
each lane. Immunoprecipitates with the antibody-coupled beads, and
10% of the input (15 �g of protein) was subjected to SDS-PAGE,
followed by immunoblotting with antibodies against proteins indicated
to the left of the figures. For immunoprecipitation, antibodies against
TR2, TR4, DNMT1, HDAC3, and TIF1� were used in the left panels.
Antibodies against NuRD subunits (MTA1, HDAC1, Mi2�, and
RbAp46/48) were used in the right panels. TR2/TR4-interacting pro-
teins identified by mass spectrometry are indicated by asterisks.
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DNMT1 immunoprecipitate HDAC3 was detected, but TIF1�
was not (Fig. 6, left). These data also demonstrated novel
DNMT1 interactions with TIF1� and with HDAC3, despite
the failure to detect coprecipitated TIF1�, possibly due to
steric hindrance of a DNMT1 epitope by bound TIF1�.

In immune complexes precipitated with the anti-LSD1 an-
tibody, most of the NuRD subunits (specifically MTA2,
HDAC1/2, and Mi2�) were detectable by immunoblotting
(Fig. 7). In the reverse experiments, LSD1 could be detected
among immune complexes precipitated with antibodies recog-
nizing individual NuRD components (MTA1, HDAC1, Mi2�,
and RbAp46/48; Fig. 6, right). These data are consistent with
the previously reported interaction between LSD1 and the
NuRD complex (81). In LSD1 immunoprecipitates, TIF1� and
HDAC3 were also detected (Fig. 7). These data demonstrate
the existence of novel interactions between LSD1 and TIF1�
and with HDAC3.

Hypothetical models for the TR2/TR4 repressor complexes.
The results of the coimmunoprecipitation analyses are sum-
marized in Fig. 8A. Based on these, we postulate the existence
of multiple TR2 and TR4 repressor complexes. TR2, TR4,
DNMT1, and LSD1 were shown to mutually interact with one
another in the coimmunoprecipitation assays, suggesting that
these four proteins comprise a core complex (Fig. 8B). Most of
these four core complex components commonly interact with
HDAC1/2, other NuRD components (such as MTA1/2, Mi2�,
or RbAp46/48), CoREST, HDAC3, and TIF1�, indicating that
these proteins can interact with this core complex to form even

larger complexes that share the core proteins. Interestingly, no
physical interactions among the NuRD signature components
(except HDAC1/2), HDAC3, TIF1�, or CoREST were detect-
able in multiple, independent coimmunoprecipitation experi-
ments (Fig. 8A), suggesting that the interactions of TR2/TR4
with the NuRD complex, with HDAC3, with TIF1�, or with
CoREST are each mutually exclusive and independent associ-

FIG. 7. Proteins that coimmunoprecipitate with LSD1 in MEL
cells. Nuclear extracts were prepared from normal, induced MEL cells
and incubated with beads coupled with an anti-LSD1 antibody or
control IgG. Immunoprecipitates with the anti-LSD1 or control anti-
body and 10% of the input were subjected to SDS-PAGE, followed by
immunoblotting with antibodies against proteins indicated on the left.
TR2/TR4-interacting proteins identified by mass spectrometry are in-
dicated by asterisks.

FIG. 8. Multiple TR2/TR4 repressor complexes in adult erythroid
(MEL) cells. (A) Summary of coimmunoprecipitation experiments
using normal MEL cells. Novel interactions identified in the present
study are shown as plus signs on a pink background, whereas previ-
ously reported interactions are shown on a yellow background. Detec-
tion of a protein immunoprecipitated with an antibody against it is
indicated on a gray background as a positive control (self-detection).
Known protein interactions between components of the NuRD and
CoREST repressor complexes are shown in blue and green rectangles,
respectively. TR2, TR4, DNMT1, and LSD1 interactions are indicated
by a red rectangle and comprise a core complex (shown in panel B).
These four core constituents commonly interact with additional pro-
teins, such as HDAC1/2, NuRD components (MTA1/2, Mi2�, or
RbAp46/48), HDAC3, TIF1�, or CoREST, thus forming larger com-
plexes. However, no mutual interactions between NuRD components
(except HDAC1/2), HDAC3, TIF1� or CoREST were detected by
coimmunoprecipitation (indicated by the gray rectangle), suggest-
ing that NuRD, HDAC3, TIF1�, and the CoREST complex bind
to the core complex in a mutually exclusive manner, thus forming at
least four distinct larger complexes that share the common
(TR2�TR4�DNMT1�LSD1) core. (B) Structural models for multi-
ple TR2/TR4 repressor complexes. Based on the results of the coim-
munoprecipitation assays, we propose a structural model that contains
multiple and diverse activities as TR2/TR4 repressor complexes. TR2,
TR4, DNMT1, and LSD1 comprise the core negative regulatory si-
lencing complex, to which the NuRD or CoREST complex, HDAC3,
or TIF1� binds in a mutually exclusive manner to form at least four
distinct larger complexes that share the core complex.
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ations and that these proteins form at least four distinct larger
complexes that share the core protein group (Fig. 8B).

Size fractionation of components of TR2/TR4 repressor
complexes. In order to assess how different TR2/TR4-interact-
ing proteins might be differentially partitioned into distinct
protein complexes, we determined the fractionation profiles of
the proteins by gel filtration on a Superose 6 column (Fig. 9).
The elution profile of TR4 is broadly spread almost equally
from fractions 14 through 30, whereas TR2 elution shows a
peak in fraction 24 but otherwise largely overlaps the profile of
TR4. The differences in elution profiles between TR2 and TR4
may be due to the presence of either (or both) TR2 or TR4
homodimers that have a distinct elution profile from the TR2/
TR4 heterodimer. For the TR2/TR4 interacting proteins, we
observed two patterns in their elution profiles: LSD1 and
TIF1� eluted with peaks in fractions 22 to 26 (solid box in Fig.
9), whereas DNMT1 and NuRD components (HDAC1, Mi2�,
and RbAp46/48) peaked in the higher-molecular-mass range
around fractions 18 to 20 (dotted box). Overall, these results
are consistent with the hypothetical model that TR2, TR4,
DNMT1, and LSD1 comprise a core complex, which in turn
interacts with other proteins (including NuRD components
and TIF1�) to form even larger protein complexes.

Binding of TR2/TR4 corepressors to the �-type globin pro-
moters in adult erythroid cells. To gain further insight into the
functional significance of the TR2/TR4-associated corepres-
sors in �-type globin gene regulation, we investigated their
localization to their promoters in adult erythroid (MEL) cells
by ChIP assays. MEL cells were grown under conditions that
would lead to either continued proliferation (Fig. 10A) or
differentiation (with DMSO; Fig. 10B). The data clearly dem-
onstrate that, in undifferentiated MEL cells, DNMT1, subunits
of the CoREST complex (LSD1, CoREST, and HDAC1), sub-
units of the NuRD complex (HDAC1, MTA1, and Mi2�), and
HDAC3, as well as TIF1�, are all recruited to the embryonic
globin promoters (εY and �H1), although binding of HDAC1,
Mi2�, and HDAC3 to the εY promoter is statistically less

significant compared to other proteins, as shown in Fig. 10A
(where statistically significant enrichment compared to control
IgG is indicated with symbols). Many of the TR2/TR4-inter-
acting proteins were also clearly shown to bind to the adult
�major-globin promoter, whereas localization of these corepres-
sors to the promoters of an active gene (SCAP) that is highly
transcribed in MEL cells is essentially undetectable. These
data imply that, in undifferentiated cells, the adult �-globin
gene is, in fact, actively repressed even in cells poised to tran-
scribe the gene, although the nature of DNA binding factors
other than TR2/TR4 which recruit these multiple corepressors
to the inactive, but transcriptionally poised, adult �-globin
gene remain to be determined (see the Discussion).

Interestingly, upon terminal differentiation, these corepres-
sors dissociate specifically from the adult �major-globin pro-
moter (Fig. 10B), whereas all of the corepressors except TIF1�
remain bound to the embryonic globin promoters. These data
suggest that the specific binding of TR2/TR4 to the conserved
DR sequences in the embryonic globin promoters cause per-
sistent association of the TR2/TR4-interacting corepressors to
the embryonic globin promoters through terminal differentia-
tion, thereby fulfilling the TR2/TR4-induced silencing of the
embryonic globin genes. Dissociation of TIF1� from both the

FIG. 9. Size fractionation of TR2, TR4, and interacting proteins in
nuclear extracts from untransfected, induced MEL cells. Fractions
from a Superose 6 gel filtration column were subjected to immuno-
blotting with antibodies against the proteins shown to the left. Elution
positions of molecular mass markers and the void volume (V0) are
indicated at the top. Elution peaks of TR2, LSD1, and TIF1� were
positioned within fractions 22 through 26 (solid box), while DNMT1
and NuRD components (HDAC1, Mi2�, and RbAp46/48) peaked in
fractions 18 through 20 (dotted box) in a higher-molecular-mass range.

FIG. 10. Binding of TR2/TR4-interacting corepressors to the mu-
rine �-type globin gene promoters in undifferentiated (A) and differ-
entiated (B) MEL cells. The binding of TR2/TR4-interacting proteins
to the proximal promoter regions of the murine embryonic εY-, �H1-,
and adult �major-globin genes in both undifferentiated and differenti-
ated MEL cells was analyzed using ChIP assays. As a negative control,
binding of the same corepressors to the promoter of a gene (SCAP)
that is transcriptionally active in MEL cells was also examined. Statis-
tically significant enrichment of the corepressors at the promoters
compared to control IgG values is indicated with symbols (�, P 
 0.05;
‡, P 
 0.01 [Student t test]). Error bars represent the SEM.
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embryonic and adult �-type globin promoters upon terminal
differentiation implies a distinct regulatory role for TIF1� in
�-type globin gene regulation during differentiation.

Previously, it was shown in undifferentiated murine adult
erythroid cells that active histone marks (histone H3 and H4
acetylation and H3K4 methylation) are only modestly enriched
even on the adult �-globin promoter and that, after differen-
tiation, these active marks become highly enriched specifically
on the adult, but not on the embryonic, �-type globin promot-
ers (11, 24). It was also reported that in human adult hemato-
poietic progenitor cells the promoter DNA of both the fetal �-
and adult �-globin genes are highly methylated and that during
differentiation the adult �-globin promoter DNA specifically
undergoes extensive demethylation, another hallmark of gene
activation, but the fetal �-globin promoter does not (43). TR2/
TR4-interacting corepressors include enzymes that can remove
or cancel all of these epigenetic activation marks, namely,
HDAC1/2/3, methyl-H3K4 demethylase LSD1, and DNMT1.
The differentiation-dependent specific dissociation of these en-
zymes from the adult �-globin promoter shown here may con-
stitute a key underlying mechanism for generation of the active
chromatin structures exclusively on the adult �-globin genes in
adult erythroid cells during the terminal differentiation events
leading to definitive erythroid cell maturation, causing the
high-level transcription of the adult genes, as well as the si-
lencing of embryonic or fetal �-type globin genes.

DISCUSSION

TR2/TR4 bind to the promoters of the murine embryonic
�-type globin genes and forms the scaffold for multiple, dis-
tinct epigenetic transcriptional repressor complexes. We
showed here that TR2 and TR4 bind in vivo to the murine
embryonic �-type globin promoters in adult erythroid cells,
which suggests that TR2 and TR4 not only temporarily repress
the embryonic globin genes during the transition from embry-
onic to adult globin synthesis but are actively silencing the
embryonic genes even in adults after the completion of switch-
ing, and hence could be viable targets for molecular interven-
tion in attempting to induce embryonic or fetal �-type globin
genes for therapeutic application. TR2 and TR4 were also
shown to physically interact with a number of corepressors
which the data here would argue play multiple roles in the
silencing of the embryonic �-type globin genes: DNMT1, the
NuRD complex, the LSD1/CoREST complex, HDAC3, and
TIF1�. Furthermore, these TR2/TR4-interacting corepressors
are recruited to the embryonic �-type globin promoters,
strongly suggesting the functional significance of these inter-
actions in silencing of the embryonic globin genes in adult
erythroid cells.

TR2/TR4 binding to the embryonic εY-globin promoter was
enhanced upon differentiation of MEL cells, whereas their
binding to the embryonic �H1-globin promoter was dimin-
ished after differentiation (Fig. 1B), indicating differential reg-
ulation of TR2/TR4 binding to the εY-globin versus �H1-
globin DR elements. One potential mechanism for this
phenomenon may involve the presence of a TR2/TR4 regula-
tor that positively or negatively influences TR2/TR4 binding to
the DR elements in a gene-specific and differentiation stage-
specific manner. In this regard, persistent binding, or even

seemingly enhanced binding of the corepressors to the �H1
promoter upon differentiation in spite of diminution of TR2/
TR4 binding, may appear puzzling (Fig. 10). A possible expla-
nation for this curious phenomenon may be that TR2/TR4
binding is only required for initial corepressor recruitment to
the embryonic genes, while the persistent presence of TR2/
TR4 on the promoters is not required for the continued asso-
ciation of the corepressors or in fact for the gene silencing
elicited by those enzymes. Continuous association of the core-
pressors to the genes may be autonomously maintained, or
even reinforced, by chromatin modifications such as histone
posttranslational modifications and DNA methylation, as dis-
cussed below, that are introduced by the corepressors them-
selves during the initial phase of gene silencing.

The association of the corepressors with the adult �major-
globin promoter in the undifferentiated state is also notewor-
thy and implies that the adult globin gene is actively repressed
even in cells poised to transcribe the gene. In contrast to the
embryonic genes, the corepressors dissociate from the adult
gene upon differentiation, suggesting that different regulatory
mechanisms/molecules are controlling corepressor association
with the embryonic and adult globin genes. However, the reg-
ulatory mechanisms or the identity of DNA-binding factors
that recruit the corepressors to the adult �-globin gene is
unknown but warrants further investigation.

Unique characteristics of TR2/TR4 in corepressor interac-
tion. Many nuclear receptors in the unliganded or antagonist-
bound state repress transcription by recruiting N-CoR/SMRT
that nucleates a corepressor complex containing HDAC3 (17,
61). In addition, a Sin3 complex containing HDAC1/2 was
shown to physically interact with N-CoR/SMRT to mediate
repression by unliganded nuclear receptors (21, 50). In con-
trast to these notions, the present study has revealed uncon-
ventional characteristics of TR2/TR4 with regard to nuclear
receptor corepressor interactions in the following ways. First,
there was no evidence for interaction with N-CoR/SMRT,
which was undetectable either by repeated mass spectrometric
or immunoblotting analysis of proteins that copurified with
biotin-tagged TR2/TR4 or by coimmunoprecipitation assays
(data not shown), although HDAC3 was identified as a TR2/
TR4-interacting protein, possibly through direct interaction as
previously reported (12). Second, we found that the nuclear
receptor complex interacts with DNMT1. Previously, only two
other sequence-specific DNA-binding proteins, E2F1 and
STAT3, were shown to interact with DNMT1 (58, 91), and this
is the first report to demonstrate a physical link between any
nuclear receptor and DNMT1, raising the intriguing possibility
that DNMT1 might play a direct role in developmental gene
silencing triggered by nuclear receptors. Third, these data
demonstrate interactions with a wide variety of corepressors
known to possess activities and roles in different aspects of
gene silencing, thus placing TR2/TR4 in a unique position even
in the realm of transcriptional repressors in general. Whereas
the NuRD repressor complex that contains both histone
deacetylase (HDAC1/2) and chromatin remodeling ATPase
(Mi2) activities (85) has been shown to interact with a number
of transcription factors such as the GATA-1/FOG-1 complex
(59) (22), the estrogen receptor is the only nuclear receptor
other than TR2/TR4 that was previously shown to interact with
NuRD (46). TR2/TR4 also interact with the LSD1/CoREST

3308 CUI ET AL. MOL. CELL. BIOL.



complex that contains HDAC1/2 and H3K4 demethylase
LSD1 and acts as a corepressor for a number of transcription
factors such as Gfi-1/Gfi-1b (65). However, TLX is the only
nuclear receptor previously shown to recruit LSD1/CoREST
for gene silencing (88). Recently, it was shown that LSD1 can
also act as a coactivator for androgen or estrogen receptor-
regulated transcription, possibly by stimulating the demethyla-
tion of histone H3K9, a repressive histone mark (15, 47). In
this regard, a potential alternate role for LSD1, as well as
TR2/TR4, in differentiation stage-specific transcriptional acti-
vation of the fetal �-globin gene warrants further investigation
in light of our previous observation that forced TR2/TR4 ex-
pression can paradoxically stimulate �-globin gene expression
in mice (74). TIF1�, also known as KAP-1, is another TR2/
TR4-interacting protein, which is known to directly interact
with HP1 (heterochromatin protein 1), implicating its role in
transcriptional repression through heterochromatin formation
(53, 63). Although TIF1� is known to interact with a number
of transcription factors, only three other nuclear receptors
(DAX-1, Nur77, and COUP-TFI) were previously shown to
interact with TIF1� (57, 80, 90). Overall, interaction with such
an unexpectedly wide variety of distinct epigenetic transcrip-
tional corepressors may indicate unique characteristics and
functions of TR2/TR4 to coordinate multiple corepressors to
elicit developmental stage-specific gene silencing through a
series of epigenetic chromatin modifications by nucleosome
remodeling (through NuRD), histone deacetylation (through
NuRD, LSD1/CoREST, and HDAC3), histone H3K4 de-
methylation (through LSD1/CoREST), and CpG DNA meth-
ylation (through DNMT1) (Fig. 8B). It is also possible that
such complexity of corepressor interactions is shared by other
nuclear receptors but was not previously detected.

Functional interactions among distinct epigenetic tran-
scriptional repressors. Recent studies have revealed func-
tional and regulatory interplay between histone modifications
(acetylation and methylation) and DNA methylation, all of
which are regarded as heritable epigenetic marks to transmit
gene expression propensities over multiple cell generations. It
has been reported that deacetylation of nucleosomal histone
H3 renders it a better substrate for H3K4 demethylation by
LSD1, whereas LSD1 activity will conversely enhance the
deacetylase activity of HDAC1, thus suggesting that HDACs
and LSD1 synergistically generate repressive chromatin struc-
tures (36, 71). Physical association between LSD1 and the
NuRD complex has been also reported, further supporting this
notion (81). Conversely, coordination between histone modi-
fications and DNA methylation in the regulation of chromatin
structure and gene expression has been also reported, but the
hierarchical order of events in this interplay is currently under
active debate. Some studies have shown that gene silencing by
DNA methylation is mediated by methyl-CpG-binding pro-
teins that recruit HDAC activity to methylated DNA, resulting
in a deacetylated repressive chromatin structure (26, 51). In
contrast, other studies have shown that DNA methylation is
guided by histone modification, suggesting that DNA methyl-
ation is secondary to repressive chromatin formation (40).
These seemingly contradictory findings may indicate that the
coordination between histone modifications and DNA meth-
ylation can proceed hierarchically in either direction or that
genes differ in their relative susceptibility to different epige-

netic signaling events. Physical associations between DNMT1
and HDAC1/2 (14, 58, 62), as well as between DNMT1 and
LSD1 (79), have been defined and may substantiate these
notions. Taken together, the data presented here suggest that
TR2 and TR4 are unique in that these transcription factors
elicit developmental stage-specific gene silencing through both
histone modifications and DNA methylation by recruiting and
coordinating multiple distinct corepressors, although the hier-
archical order or possible regulatory interplay among these
events in embryonic and fetal globin gene silencing is not
currently understood.

Roles for TR2/TR4 corepressors in globin gene switching.
The �-globin locus has been extensively studied as a model for
molecular mechanisms of lineage- and developmental stage-
specific gene expression through epigenetic chromatin modifi-
cations. The mammalian embryonic and fetal �-type globin
genes have been shown to acquire histone modifications asso-
ciated with gene activation, namely, H3 and H4 acetylation and
H3K4 methylation, when highly expressed, and afterward lose
those activation marks as the genes become silenced during
development (4, 11, 32, 48, 87). In addition to histone modi-
fications, a regulatory role for local DNA methylation in the
silencing of murine embryonic and human fetal �-type globin
genes has been suggested by the inverse correlation between
their expression and CpG methylation in their promoters dur-
ing development (23) (43). Furthermore, using a transgenic
mouse system to allow controlled A�-globin gene methylation,
it was shown that DNA methylation works as a dominant
repressor in A� gene expression (18). Regulatory roles of these
epigenetic chromatin modifications are also supported by the
effects of the pharmacological inhibitors of several chromatin
modifying enzymes.

DNA methyltransferase inhibitors 5-azacytidine and 5-aza-
2�-deoxycytidine have been shown to induce fetal �-globin
gene expression in primary erythroid cells in culture with con-
comitant demethylation of the �-globin promoter and have
proven to be effective in the treatment of �-globin disorders
such as sickle cell disease and �-thalassemia for the induction
of �-globin synthesis (68). More specifically, depletion of
DNMT1 protein by transfection of small interfering RNAs that
degrade DNMT1 mRNA in primary cultures of erythroid pro-
genitor cells derived from CD34� baboon bone marrow cells
was shown to depress DNA methylation of the embryonic ε-
and fetal �-globin promoters and increase the expression of
both genes (2). These notions strongly suggest a functional
significance of the TR2/TR4-DNMT1 interaction and recruit-
ment of this complex to the embryonic globin promoters in
gene silencing.

HDAC inhibitors such as butyrates have also been shown to
increase fetal �-globin synthesis with a concomitant increase in
histone H3 and H4 acetylation at the �-globin promoters in
primary human erythroid cells in culture and are sometimes
effective in the induction of �-globin synthesis in patients with
�-globin disorders (9) (5). These notions also indicate a critical
role for HDACs in �-globin silencing. However, butyrates and
other HDAC inhibitors are known to inhibit all of the class I
HDACs (HDAC1, HDAC2, HDAC3, and HDAC8), as well as
some of the class II HDACs (5). Therefore, the identity of
specific HDAC molecules, or the identity of repressor com-
plexes containing the HDACs that elicit chromatin modifica-
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tion leading to �-globin silencing, and hence those responsible
for �-globin induction in response to the HDAC inhibitors,
have not been well defined. The direct physical association of
TR2/TR4 with the NuRD and LSD1/CoREST complexes, both
containing HDAC1/2, and independently with HDAC3, and
their recruitment to the mouse embryonic �-type globin pro-
moters, strongly suggest roles for these deacetylases in epige-
netic chromatin modification leading to developmental stage-
specific silencing of the embryonic and fetal �-type globin
genes. The protein interfaces between TR2/TR4 and their epi-
genetic interacting cofactors (namely, DNMT1, the NuRD and
LSD1/CoREST complexes, HDAC3, and TIF1�), as well as
the enzymatic activities themselves, might serve as molecular
targets for development of specific �-globin inducing agents
that can be effectively and safely applied to the treatment of
sickle cell disease and �-thalassemia.
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