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When the orphan nuclear receptors TR2 and TR4, the DNA-binding subunits of the DRED repressor complex,
are forcibly expressed in erythroid cells of transgenic mice, embryos exhibit a transient mid-gestational
anemia as a consequence of a reduction in the number of primitive erythroid cells. GATA-1 mRNA is
specifically diminished in the erythroid cells of these TR2/TR4 transgenic embryos as it is in human CD34+

progenitor cells transfected with forcibly expressed TR2/TR4. In contrast, in loss-of-function studies analyzing
either Tr2- or Tr4-germline-null mutant mice or human CD34+ progenitor cells transfected with
force-expressed TR2 and TR4 short hairpin RNAs (shRNAs), GATA-1 mRNA is induced. An evolutionarily
conserved direct repeat (DR) element, a canonical binding site for nuclear receptors, was identified in the
GATA1 hematopoietic enhancer (G1HE), and TR2/TR4 binds to that site in vitro and in vivo. Mutation of
that DR element led to elevated Gata1 promoter activity, and reduced promoter responsiveness to
cotransfected TR2/TR4. Thus, TR2/TR4 directly represses Gata1/GATA1 transcription in murine and human
erythroid progenitor cells through an evolutionarily conserved binding site within a well-characterized,
tissue-specific Gata1 enhancer, thereby providing a mechanism by which Gata1 can be directly silenced
during terminal erythroid maturation.
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In vertebrates, the hematopoietic compartment requires
continual replenishment, and billions of red blood cells
must be replaced daily in an adult human. This formi-
dable biosynthetic task is achieved by robust differentia-
tion induction from a relatively small number of pluripo-
tent hematopoietic stem and progenitor cells into ma-
ture erythrocytes. Vertebrates exhibit two distinct waves
of red blood cell production: primitive erythropoiesis, a
transient phase stimulated in the extraembryonic yolk
sac, and definitive erythropoiesis, which begins in the
fetal liver but later moves to the bone marrow.

Over the past two decades, accumulated evidence has
shown that transcription factor GATA-1 plays an essen-
tial role in erythroid differentiation (Ohneda and Yama-
moto 2002). GATA-1 is the founding member of the
GATA family of zinc finger transcription factors, and
was originally identified by its ability to bind to a DNA
regulatory motif (WGATAR) found in the promoters
and/or enhancers of virtually all erythroid-specific genes.
With the exception of Sertoli cells in the testis (Ito et al.
1993), where its function is still uncertain, GATA-1 ex-

pression is restricted to hematopoietic cells and their
progenitors, where it fulfills multiple, vital differentia-
tion functions. GATA-1 is expressed at low levels in
primitive and definitive multipotential hematopoietic
progenitor cells (Fujiwara et al. 1996), but becomes abun-
dantly expressed in committed erythroid precursors,
megakaryocytes (Martin et al. 1990), eosinophils, and
mast cells (Zon et al. 1993).

Genetic studies have shown that GATA-1 is required
for both primitive and definitive erythropoiesis. Mouse
embryos lacking GATA-1 die of profound anemia be-
tween 10 and 11 d post-coitus (dpc) (Fujiwara et al. 1996).
Gata1-null embryonic stem (ES) cells fail to generate
primitive erythroid progenitors (Weiss et al. 1994), while
definitive erythroid progenitors are normal in number
but undergo developmental arrest and apoptosis at the
proerythroblast stage (Weiss et al. 1994; Weiss and Orkin
1995). GATA-1 abundance is reduced in erythroblasts
during the final steps of erythroid differentiation (Why-
att et al. 2000), but the mechanism by which GATA-1
synthesis is inhibited during the latter stages of erythro-
poiesis is unknown.

TR2 and TR4 are two closely related members of the
nuclear receptor superfamily, with no known ligand
(thus categorizing them as “orphans”). They are ex-

3Corresponding author.
E-MAIL engel@umich.edu; FAX (734) 763-1166.
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.1593307.

2832 GENES & DEVELOPMENT 21:2832–2844 © 2007 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/07; www.genesdev.org



pressed in many tissues, including erythroid cells. TR2
and TR4 form homodimers or heterodimers with one
another and bind to directly repeated (DR) AGGTCA se-
quences separated by 0- to 6-nucleotide spacing (DR0 to
DR6) (Lee et al. 1998a), consensus binding sites for non-
steroidal nuclear receptors. Our previous studies impli-
cated TR2 and TR4 as the core DNA-binding subunits of
a large macromolecular repressor complex (DRED, for
direct repeat erythroid-definitive) that suppresses fetal
and embryonic �-type globin gene transcription in de-
finitive erythroid cells (Tanimoto et al. 2000; Tanabe et
al. 2002). A growing list of transcriptional cofactors has
been shown to interact with TR2 and TR4: for example,
histone deacetylases 1, 3, and 4, and the nuclear receptor
coactivator/corepressor, RIP140 (Lee et al. 1998b; Franco
et al. 2001). Depending on the context of their recogni-
tion sequences or on cellular conditions, TR2 and TR4
can both activate and repress cellular target genes (Lee et
al. 2002). Recent gene ablation studies have also begun to
reveal some in vivo functions of these receptors. Mice
lacking Tr2 are viable and show no overt mutant pheno-
types (Shyr et al. 2002), while Tr4 germline mutants dis-
play reproductive and neurological deficiencies (Collins
et al. 2004; Mu et al. 2004; Chen et al. 2005).

Our previous experiments focused on the possibility
that the DRED repressor, acting through its TR2/TR4
heterodimeric DNA-binding scaffold, directly regulates
the human embryonic �-globin and fetal �-globin genes
by binding to direct repeat (DR) elements in their pro-
moters (Tanimoto et al. 2000; Tanabe et al. 2002, 2007).
Here we show that transgenic mice in which either TR4
alone (TgTR4) or TR4 with TR2 (TgTR2/TR4) are forcibly
expressed display a pronounced but transient mid-em-
bryonic anemia. Progenitor assays conducted on hema-
topoietic precursors from these embryos revealed defects
in primitive erythroid precursor formation, which could
not be explained simply by the effects of TR2/TR4 on
globin gene transcription.

To determine the molecular basis for the observed
transient anemia in the TgTR2/TR4 mice, we first exam-
ined erythroid cells of TgTR2/TR4 embryos and quantified
the abundance of several transcription factors that have
been shown to be critical for erythroid development.
Most of these transcription factors were unperturbed in
amount, but GATA-1 transcript levels were specifically
and significantly reduced in the embryonic blood and
fetal livers of TgTR2/TR4 mice. Furthermore, GATA-1
mRNA levels were elevated (in comparison with wild
type) in Tr2- or Tr4-null mutant mice. Similarly,
GATA-1 mRNA abundance increased in in vitro differ-
entiated human erythroblasts that were reduced in TR2
and TR4 mRNAs by RNA interference (RNAi)-mediated
depletion. An evolutionarily conserved DR element was
identified within the well-characterized GATA1 hema-
topoietic enhancer (G1HE) (Vyas et al. 1999b; Nishimura
et al. 2000), and TR2 and TR4 bind to this site in vitro.
Furthermore, chromatin immunoprecipitation (ChIP) as-
says revealed that TR2 and TR4 bind to the element in
vivo in differentiated human erythroblasts, and we found
that mutation of the G1HE DR site significantly reduced

the effects of cotransfected TR2/TR4 on G1HE-depen-
dent Gata1 transcription. Taken together, the data show
that TR2 and TR4 are evolutionarily conserved tran-
scriptional repressors of the murine and human GATA1
genes, and thus they directly affect erythroid differentia-
tion. We conclude that the DRED repressor plays an im-
portant role in the regulation of Gata1 during erythroid
differentiation, and serves as a direct upstream effector
of this critical erythroid regulatory gene.

Results

Transient anemia in TR4 and in TR2/TR4 transgenic
embryos

Transgenic mice were generated in which TR2 alone
(TgTR2), TR4 alone (TgTR4), or both (TgTR2/TR4) were
forcibly expressed in erythroid cells by insertion of both
cDNAs into a Gata1-regulated expression cassette called
G1HRD (GATA-1 hematopoietic regulatory domain)
(Onodera et al. 1997; Tanabe et al. 2007). The TgTR2/TR4

line was generated by coinjection of the TR2 and TR4
transgenic constructs into mouse oocytes. The level of
transgene (Tg)-derived TR2 or TR4 mRNA in 14.5-dpc
fetal livers of each transgenic line was more than fivefold
greater than that of endogenous TR2 or TR4 mRNA
(Tanabe et al. 2007).

TgTR4 and TgTR2/TR4 embryos displayed pronounced
anemia between 10.5 and 12.5 dpc (Fig. 1A–D). The fetal
livers (where early definitive erythropoiesis originates) of
TgTR4 and TgTR2/TR4 embryos were visibly paler in ap-
pearance between 10.5 and 13.5 dpc than their counter-
part wild-type littermate controls, and TgTR2/TR4 em-
bryos accumulated approximately one-third the number
of primitive erythrocytes during this period (Table 1).
Interestingly, however, there was essentially no residual
anemia by the time definitive erythropoiesis was fully
engaged at 15.5 dpc, and thus transgenic pups were born
in a normal Mendelian ratio. All hematological param-
eters for 3-wk postnatal TgTR4 or TgTR2/TR4 mice were
normal (data not shown). These data indicate that primi-
tive (and possibly early definitive) erythropoiesis was sig-
nificantly affected by forced erythroid-specific TR2 and
TR4 expression.

In order to address the mechanism underlying the
transient anemia induced by TR2 and TR4 forced expres-
sion, we determined the abundance of endogenous and
Tg-derived TR2 and TR4 mRNAs in both primitive
(11.5-dpc circulating blood) and definitive (14.5-dpc fetal
liver) erythroid cells by reverse transcription and real-
time quantitative PCR (RT–PCR). The abundance of
TR2 and TR4 mRNAs was normalized to endogenous
RNase inhibitor mRNA as the internal control (Kolbus
et al. 2003). In wild-type mice, the abundance of endog-
enous TR2 or TR4 mRNA in the 14.5-dpc fetal liver was
sevenfold or fourfold higher than in 11.5-dpc primitive
erythroid cells, respectively (Fig. 1G). The abundance of
Tg-derived TR2 or TR4 mRNAs in 11.5-dpc primitive
erythroid cells of the TgTR2/TR4 line was 40-fold or 30-
fold higher than their respective abundance in wild-type
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littermates. In the 14.5-dpc fetal liver, Tg-derived TR2
mRNA increased about twofold from its abundance in
11.5-dpc primitive erythroid cells, whereas Tg-derived

TR4 mRNA level was statistically the same in both ery-
throid populations. These data indicate that the tran-
sient embryonic anemia is not due to developmental
stage-specific alteration in transgene expression.

Forced expression of TR2/TR4 affects primitive
erythroid progenitor formation

We recently showed that mouse �y globin mRNA levels
were reduced in both TgTR4 and TgTR2/TR4 mice (Tanabe
et al. 2007). To investigate whether repression of mouse
�y globin transcription was the sole cause of the tran-
sient anemic phenotype, we performed hematopoietic
progenitor colony assays using 8.5-dpc yolk sacs from
the TgTR2/TR4 embryos and nontransgenic littermates.
The number of primitive erythroid (EryP) colonies that
developed from the yolk sacs of TgTR2/TR4 embryos was
∼40% of wild-type controls, and the TgTR2/TR4 EryP colo-
nies were noticeably smaller and less hemoglobinized
(Fig. 1E,F; Table 2). These data indicate that TgTR2/TR4

embryos have defective primitive erythropoiesis, and
that this defect is exhibited both in the number of pro-
genitor colonies and in their differentiation. The data
suggested that TR2 and TR4 might play a prominent role
in erythroid differentiation.

Gata1 expression is altered in TR2/TR4
gain-of-function and knockout mice

To identify possible regulatory molecules that could be
direct or indirect transcriptional target(s) of TR2/TR4 in
erythroid cells, we isolated mRNA from 11.5-dpc blood
of TgTR2/TR4 embryos and their wild-type littermates
and then analyzed the mRNA abundance of several key
transcription factors that are known to play important
roles in erythroid differentiation. EKLF, retinoic acid re-
ceptor, COUP-TFII, and Smad5 mRNAs, all previously
implicated as potentially important effectors of erythro-
poiesis (Nuez et al. 1995; Perkins et al. 1995; Filipe et al.
1999; Collins 2002; Schmerer and Evans 2003), were es-
sentially unchanged in abundance; however, GATA-1
mRNA abundance was profoundly inhibited in the
TgTR2/TR4 transgenic embryos (Fig. 2A). In the embry-
onic blood of TgTR4 embryos, GATA-1 abundance was
reduced to 20%–35% of wild type, while its level was
not significantly altered in TgTR2 embryonic blood (Fig.
2B), consistent with the conclusion that TgTR2 mice do

Table 1. Transient embryonic anemia in TR2/TR4
transgenic embryos

10.5 dpc 11.5 dpc 12.5 dpc 15.5 dpc

Wild type 3.6 ± 1.5 29.2 ± 5.8 68.0 ± 11.2 329 ± 46
TgTR2/TR4 1.3 ± 0.5 10.4 ± 3.7 21.2 ± 8.6 317 ± 42

Quantification of red blood cells (×105 per embryo) recovered
from 10.5- to 15.5-dpc TgTR2/TR4 embryos in comparison with
their wild-type littermates. Data represent the average, plus or
minus standard deviations, of five to eight embryos representing
each time point.

Figure 1. Transient embryonic anemia in TgTR4 and TgTR2/TR4

transgenic mice. The yolk sacs and embryos of 11.5-dpc TgTR4

(B,D) or their wild-type littermates (A,C) are shown. EryP colo-
nies derived from the yolk sacs of wild-type (E) or TgTR2/TR4 (F)
embryos are shown at the same magnification (see Materials
and Methods). (G) Abundance of endogenous (open bars) or
transgene-derived (shaded bars) TR2 and TR4 mRNAs in 11.5-
dpc embryonic blood and 14.5-dpc fetal livers of the TgTR2/TR4

embryos or their wild-type littermates were determined by re-
verse transcription and real-time PCR, and were normalized to
abundance of endogenous RNase inhibitor mRNA as the inter-
nal control (set at 100%). Data represent average with standard
deviation of three to four embryos.
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not exhibit a similar transient embryonic anemia that is
observed in both TgTR4 and TgTR2/TR4 mice (data not
shown). We also examined GATA-1 mRNA accumula-
tion in a transgenic mouse line in which a previously
established dominant-negative mutant of TR4 (TgdnTR4)
was forcibly expressed (Tanabe et al. 2007). In conceptual
harmony with the results analyzing the gain-of-function
phenotypes, we found that GATA-1 mRNA was induced
approximately twofold in the blood of TgdnTR4 embryos
(Fig. 2B).

To investigate the possible regulatory effects of TR2/
TR4 on Gata1 during definitive erythropoiesis, we de-
termined the abundance of GATA-1 in 14.5-dpc fetal
liver cells. In TgTR4 and in TgTR2/TR4 embryos, GATA-1
mRNA was reduced to 50%–65% of wild-type levels,
while the abundance of GATA-1 transcript was not sig-
nificantly altered in the fetal livers of TgTR2 embryos. In
the dnTR4 transgenic embryos, GATA-1 abundance in
the fetal liver was modestly induced (Fig. 2C). Thus, the
effects of transgenic expression of the wild-type or mu-
tant TR2 or TR4 on Gata1 transcription were dimin-
ished in fetal liver (definitive) erythroid cells in compari-
son with their effects on embryonic (primitive) erythro-
poiesis.

To further evaluate possible effects of TR2 and TR4 on
Gata1 transcription, we examined GATA-1 mRNA ac-
cumulation in Tr2- or Tr4-germline-null mutant mice
(Tanabe et al. 2007). In 11.5-dpc blood recovered from
Tr2-null mutants, GATA-1 abundance was elevated ap-
proximately threefold in comparison with wild-type em-
bryos; similarly, Tr4-null mutant mice accumulated
some 2.5-fold more erythroid GATA-1 mRNA than their
wild-type littermates (Fig. 3A). In hematopoietic cells
purified from 14.5-dpc fetal livers of Tr2-null mutant
embryos, the abundance of accumulated GATA-1
mRNA was 2.6-fold higher than in wild type, while the
fetal livers of Tr4 mutants accumulated twofold more
GATA-1 (Fig. 3B).

The TR2 and TR4 proteins share strong sequence simi-
larity. They can form either homodimers or het-
erodimers with one another and both can bind to DR
elements (Tanabe et al. 2007). It has been suggested that
TR2 and TR4 may be at least partially redundant, and
the fact that Tr2 and Tr4 mutant mice display only lim-
ited deficiencies whereas the compound null mutant
embryos fail to survive beyond 7.5 dpc (i.e., prior to blood
formation) (C. Chang, unpubl.) in the C57Bl/6 genetic

background support this notion. Unfortunately, this fact
also precludes the ability to experimentally determine
GATA-1 levels in Tr2/Tr4 compound null mutant mice,
where we would anticipate more pronounced (uncom-
pensated) erythroid phenotypes.

Manipulation of TR2/TR4 abundance in definitive
human erythroid progenitor cells alters GATA1
transcription

Cellular differentiation in the definitive erythroid lin-
eage occurs over approximately a 2-wk time span in hu-
mans. The earliest clearly defined committed erythroid
progenitor cell, the BFU-E (burst-forming unit erythroid),
expresses the cell surface antigen CD34, as do all other
early hematopoietic progenitors (Baines et al. 1988). The
more mature erythroid progenitor, the CFU-E (colony

Figure 2. Transcription factor expression in TR2/TR4 trans-
genic mice. (A) Expression of EKLF, RXR, RAR, COUP-TFII,
Smad5, and GATA-1 mRNAs in 11.5-dpc circulating blood of
TgTR2/TR4 mice (shaded bars) was determined by semiquantita-
tive RT–PCR. The PCR signals were quantified and normalized
to coamplified GAPDH signals. The averages of the relative
expression levels, normalized to that of wild-type littermates
(set at 1.0 and represented by open bars), are graphically de-
picted. All experiments were repeated twice with essentially
the same results; representative data from one experiment are
shown. (B) The abundance of the GATA-1 mRNA in 11.5-dpc
blood cells of the TgTR2, TgTR4, TgTR2/TR4, and TgdnTR4 mice
(shaded bars) was quantified as in A. Data represent the
averages ± SD of blood samples taken from five to six different
embryos. (C) The abundance of the GATA-1 mRNA in 14.5-dpc
fetal liver cells of TgTR2, TgTR4, TgTR2/TR4, and TgdnTR4 mice
(shaded bars) was determined as in A. Three animals of each
genotype were used in the analysis. (*) P < 0.05; (**) P < 0.01 by
Student t-test.

Table 2. Primitive erythroid progenitor number in TR2/TR4
transgenic embryos

EryP Mac Fibroblast

Wild type 10.0 ± 4.9 8.2 ± 3.5 4.8 ± 1.5
TgTR2/TR4 4.3 ± 2.6 7.3 ± 2.6 5.4 ± 2.5

Quantification of primitive erythroid (EryP), macrophage (Mac),
or fibroblast colonies (per 1000 cells) derived from the yolk sacs
of wild-type or TgTR2/TR4 embryos. Data represent the
averages ± the standard deviation of six embryos of each geno-
type.
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forming unit erythroid), expresses the cell surface anti-
gen CD36, but not CD34 (Tandon et al. 1989). CFU-E
differentiate into erythroblasts, which begin to synthe-
size hemoglobin as well as the surface antigen glyco-
phorin A, to eventually become mature red blood cells
(Karhi et al. 1981).

To investigate whether or not the repressive effect of
TR2/TR4 on GATA-1 is conserved between mice and
humans, we examined the effects of TR2/TR4 loss- and
gain-of-function on GATA-1 abundance in in vitro dif-
ferentiated adult human hematopoietic progenitor cells.
Purified CD34+ cells were transfected with TR2 and TR4
expression plasmids or RNAi vectors expressing short
hairpin RNAs (shRNAs) together with a DsRed expres-
sion plasmid (to mark the transfected cells) and then
subjected to in vitro differentiation (Giarratana et al.
2005). The cells were cultured in serum-free medium
containing glucocorticoid, IL-3, stem cell factor (SCF),
and erythropoietin for 8 d. By the end of day 8, the dif-
ferentiated cells acquired characteristics typical of CFU-
E, and began to express CD36. These cells were then
transferred to murine OP9 stromal feeder cells in the
presence of erythropoietin (alone) and grown for an ad-
ditional 3 d (Nakano et al. 1994). By day 11, both glyco-
phorin A and hemoglobin were being actively synthe-
sized. In vitro erythroid differentiation was confirmed by
flow cytometry (Fig. 4A); the differentiated cells dis-
played multiple surface markers that are typical of ery-
throid cells (data not shown).

After 11 d of differentiation in vitro, (DsRed-positive)
transfected cells were collected by flow cytometric cell
sorting. mRNA was extracted from the sorted cells and
interrogated by radioactive duplex semiquantitative RT–

PCR. In samples transfected with TR2 and TR4 expres-
sion vectors, GATA-1 expression was reduced to ∼25%
of the vector-only transfection control (Fig. 4B, mTR2/
TR4).

In loss-of-function experiments, RNAi-mediated
knockdown achieved by a transfected TR2 shRNA ex-
pression vector led to significantly reduced TR2 mRNA
accumulation (∼25% of wild-type levels) (Fig. 4C). In
those same cells, GATA-1 mRNA abundance was in-
duced ∼1.6-fold in comparison with the vector-only
transfected control (Fig. 4B). Transfection of CD34+ cells
with a TR4 shRNA forced expression construct reduced
the amount of TR4 transcript to 20% of untransfected
controls (Fig. 4C), and in the same samples, GATA-1
abundance increased approximately twofold. In cells co-
transfected with both TR2 and TR4 shRNA expression
vectors, GATA-1 abundance increased by approximately
threefold over control levels (Fig. 4B). When the human
TR2 and TR4 RNAi-treated samples were rescued by co-
transfecting the cells with murine TR2 and TR4 cDNA
expression constructs (which differed in nucleotide se-
quence and were therefore refractory to human shRNA-
mediated mRNA degradation), GATA-1 production was
restored to ∼75% of wild type abundance. These data,
when considered together with the gain- and loss-of-
function analyses in transgenic mice, show that TR2 and
TR4 repress murine Gata1 and human GATA1 tran-
scription in the erythroid cells of both species.

A conserved DR1 element in the Gata1/GATA1
erythroid enhancer

The mouse Gata1 gene consists of two alternative non-
coding first exons/promoters (called IT and IE) and five
coding exons (Fig. 5A, black boxes represent exons II–VI;
Ito et al. 1993). The distal first exon (IT) is transcribed in
Sertoli cells of the testis, whereas the proximal first exon
(IE) specifies the majority of Gata1 transcription in he-
matopoietic cells. Of the cis-acting elements in the 5�
flanking region of the IE promoter, a double GATA motif
(located at −680/−672) and a CACCC motif (at position
−196/−192) are essential for hematopoietic lineage-spe-
cific promoter activity (Nicolis et al. 1991; Tsai et al.
1991; Ohneda et al. 2002). In addition to these proximal
promoter elements, an evolutionarily conserved G1HE is
located between −3.9 and −3.5 kb 5� to the IE exon. Fur-
ther dissection of that enhancer demonstrated that,
while the entire enhancer is required for expression in
megakaryocytes, only the 5�-most 62 base pairs (bp) are
required for erythroid specificity (Vyas et al. 1999b;
Nishimura et al. 2000). This 62-bp G1HE core sequence
contains an essential GATA-binding site separated by 10
bp from an E-box motif (Fig. 5B). Previous studies have
also shown that sequences within the first intron are
also required to direct Gata1 gene expression during de-
finitive hematopoiesis (Onodera et al. 1997). Thus, the
promoter, containing at least 3.7-kb flanking exon IE as
well as the first intron, are sufficient to direct hemato-
poietic Gata1 expression in both primitive and definitive
erythrocytes (Onodera et al. 1997; Takahashi et al. 2000).

Figure 3. Expression of GATA-1 in Tr2- and Tr4-null mutant
mice. The abundance of GATA-1 transcript in 11.5-dpc circu-
lating blood cells (A) or in 14.5-dpc fetal liver cells (B) of Tr2- or
Tr4-null mutant mice (shaded bars) was determined by duplex
semiquantitative RT–PCR, using GAPDH mRNA as the inter-
nal control. Generation of the conditionally null mutant mice
from which the null mutants were generated (O. Tanabe, un-
publ.) will be described elsewhere. The relative expression of
GATA-1 mRNA normalized to wild-type littermate controls
(set at 1.0, open bars) is graphically depicted with SD indicated.
Three animals of each genotype were analyzed. (**) P < 0.01.

Tanabe et al.

2836 GENES & DEVELOPMENT



To ask whether TR2 and TR4 directly regulate Gata1
transcription, we searched for potential DR elements
within 3.9 kb lying 5� to the IE promoter, since TR2/TR4
repressed Gata1 in both primitive and definitive ery-
throid cells. Using an online bioinformatics tool (Sand-
elin and Wasserman 2005), 16 potential DR elements
were identified. Oligonucleotides containing these 16
sites were synthesized and then tested directly in elec-
trophoretic mobility shift assays (EMSA) using nuclear
extracts from 293T cells transfected with TR2 and TR4
expression vectors.

Only three of the prospective Gata1 promoter DR el-
ements bound to the TR2/TR4 receptor, and among
these three, two of them (located at −1 or at −2.9 kb) (Fig.
5A, arrows) are in regions of the promoter that are not
highly conserved between human and mouse. The single
remaining avid binding site is a DR element with a one-
nucleotide spacer (DR1) that is located 13 bp 3� to the
E-box motif in the G1HE, and is well conserved between
human and mouse (Fig. 5B). While both the mouse and
human DR1 elements bound to TR2/TR4 in EMSA,
point mutations introduced into that sequence abrogated
TR2/TR4 binding (Fig. 5C). All the DNA–protein com-
plexes were inhibited by the addition of either an anti-
TR2 or anti-TR4 antibody (Tanabe et al. 2007), indicat-
ing that TR2 and TR4 are both components of those
complexes. Expression of TR2 alone in 293T cells led to

a weaker signal for a DNA–protein complex than expres-
sion of TR4, either alone or together with TR2, even
though protein expression with the TR2 vector alone is
slightly higher than that with the TR4 vector alone or
after TR2/TR4 cotransfection, as characterized by West-
ern blotting with an anti-Flag antibody. These EMSA
studies are consistent with the conclusion that the af-
finity of a DR element for the TR2 homodimer was
lower than that for either the TR2/TR4 heterodimer or
TR4 homodimer (Tanabe et al. 2007).

We next performed competition experiments to evalu-
ate the affinity of the G1HE DR site for TR2/TR4 het-
erodimers in comparison with their affinity for the hu-
man �- and �-globin promoter DR sites. The equilibrium
dissociation constants (Ki) of the �-globin promoter dis-
tal DR and the single �-globin promoter DR elements are
0.97 and 13 nM, respectively (Tanabe et al. 2007). A 32P-
labeled oligonucleotide corresponding to the �-globin
distal DR element was used as a probe in these EMSA
experiments, and various unlabeled oligonucleotides
corresponding to the mouse or human Gata1/G1HE DR
sites as well as DR sites in the human �-type globin gene
promoters were examined as competitors. The results of
these experiments show that the affinity of the murine
G1HE DR site is lower than that of the �-globin distal
DR element but higher than that of the �-globin pro-
moter DR site, while the affinity of the human G1HE

Figure 4. Altering the abundance of TR2 and
TR4 in human erythroid progenitor cells af-
fects GATA1 transcription. (A) Flow cytomet-
ric analysis of in vitro differentiated human
CD34+ cells. (B) Expression of human GATA1
gene transcription in in vitro differentiated
human erythroblasts transfected with TR2
and/or TR4 expression vectors or TR2/TR4
shRNA vectors was determined by duplex
semiquantitative RT–PCR using GAPDH as
the internal control. The relative expression
levels of GATA-1 mRNA normalized to
empty-vector controls (set at 1.0) are shown.
Data represent the averages ± SD of three in-
dependent experiments. (mTR2/TR4) Trans-
fection to promote forced expression of
mouse TR2 and TR4; (TR2 RNAi, TR4 RNAi)
shRNA expression vectors designed to spe-
cifically target and degrade human TR2 or
TR4 mRNAs, respectively; (RNAi + mTR2/
TR4) CD34+ cells were transfected with
shRNA expression vectors targeting human
TR2 and TR4 together with plasmids that
forcibly express mouse TR2 and TR4; (vector
only) empty expression vectors and RNAi
vectors. (C) TR2 and TR4 depletion in
shRNA-transfected and in vitro differentiated
human erythroblasts. The abundance of TR2
and TR4 mRNA was determined by semi-
quantitative RT–PCR using GAPDH as the
internal control, and normalized to vector-
only controls (set at 1.0, open bars). Data rep-
resent the averages ± SD of three independent
experiments.
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DR site was comparable with that of the �-globin DR ele-
ment (Fig. 5D). The data imply that the murine Gata1 en-
hancer DR site might be more sensitive to changes in TR2/
TR4 signaling than the corresponding human DR site.

TR2 and TR4 bind to the G1HE in vivo

We next asked whether or not TR2 and/or TR4 directly
associate with the GATA1 enhancer by ChIP assays. Hu-
man CD34+ cells were differentiated in vitro as described
previously (Giarratana et al. 2005). Cells were collected
after 0, 8, and 11 d of in vitro culture as described above.
TR2- or TR4-specific antibodies (Tanabe et al. 2007) as
well as preimmune rabbit serum were used to immuno-
precipitate cross-linked chromatin. The relative amount
of immunoprecipitated DNA compared with input DNA
was determined by real-time quantitative PCR.

The −3.7 kb human G1HE, which contains the evolu-

tionarily conserved DR element, is specifically enriched
by the anti-TR2 and anti-TR4 antisera (when compared
with the IgG control serum) in day 11 in vitro differen-
tiated erythroblasts, but not in undifferentiated or in 8 d
differentiated (data not shown) CD34+ cells (Fig. 5E). In
contrast, irrelevant segments of the locus (at −7.7 kb or
at two different sites 3� to the G1HE enhancer) are not
enriched by the TR2- or TR4-specific antisera. We con-
clude that TR2/TR4 binds to the −3.7 kb DR element
within the G1HE, but only at late times (at the CFU-E
stage or thereafter) during erythroid differentiation.

Mutation of the G1HE DR element induces Gata1
transcription

We finally examined the effect of mutation of the G1HE
DR element on Gata1 transcription by mutagenesis and

Figure 5. The evolutionarily conserved DR element in the
G1HE binds TR2/TR4 in vitro and in vivo. (A) Schematic struc-
ture of the murine Gata1 gene. Exons are depicted as black
rectangles. The positions of three DR elements that bind to
TR2/TR4 in vitro are indicated by arrows. GATA sites are in-
dicated by open boxes, and the G1HE is shown as a shaded
rectangle. (B) The G1HE DR element is conserved between
mouse and human. (C) Ten micrograms of pCMV expression
vector driving Flag-tagged TR2 or TR4 cDNAs were transfected
separately or together into 293T cells for nuclear extract prepa-
ration and EMSA (top panel), or Western blotting with anti-Flag,
anti-TR2, or anti-TR4 antibody (bottom panels). 32P-labeled oli-
gonucleotides corresponding to the mouse or human G1HE DR
sequence or the mutated sequences were used as probes. DRs
are indicated by arrows, while only mutated nucleotides are
shown in the mutant. Anti-TR2 or anti-TR4 antibodies or pre-
immune serum (control) was included in binding reactions
where indicated. The arrow indicates the position of TR2 or
TR4 proteins bound to the probe. (D) EMSA competitive bind-
ing assay. Nuclear extract from 293T cells cotransfected with
pCMV-FlagTR2 and pCMV-FlagTR4 were incubated with 1 nM
32P-labeled � distal DR probe, and 1, 5, or 25 nM unlabeled
competitor oligonucleotides. (E) TR2 and TR4 ChIP of the
G1HE in in vitro differentiated human CD34+ cells. Purified
CD34+ hematopoietic progenitor cells were examined for TR2
or TR4 binding after in vitro differentiation for 0, 8, or 11 d (see
Materials and Methods) using ChIP assays, employing either
anti-TR2 or anti-TR4 rabbit antibodies (Tanabe et al. 2007) or
preimmune rabbit serum (control) to test for binding of the pro-
teins to regulatory sequences around the GATA1 gene pro-
moter. Immunoprecipitated DNA was quantified by real-time
quantitative PCR using specific primers within the human
GATA1 locus located at −7.7, −3.7, +1.5, or +3.5 kb relative to
the exon IE transcription initiation site, and normalized to in-
put DNA. The −3.7 kb site corresponds to the DR element lo-
cated within the G1HE that binds avidly to TR2/TR4 (shown in
D), and represents the only preferentially enriched sequence in
these experiments. Data represent the averages with SD of three
experiments. Triangles with solid lines indicate data with anti-
TR2 antibody, inverted triangles with dashed lines indicate data
with anti-TR4 antibody, and circles with dotted lines indicate
data with preimmune serum. Filled symbols represent ChIP
data after 0 d of CD34+ cell differentiation, while open symbols
represent the same experiment performed on cells differentiated
in vitro for 11 d (differentiation for 8 d gave identical results to
the 0 d control) (data not shown).
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cotransfection assays. The reporter plasmid, pIE3.9intLuc,
contains the entire mouse G1HRD (the IE promoter as
well as the primitive and definitive enhancers) linked in
cis to the firefly luciferase gene (Onodera et al. 1997;
Nishimura et al. 2000). After cotransfection into a hu-
man erythroleukemia cell line (K562), forcibly coex-
pressed mouse TR2 and/or TR4 repressed reporter activ-
ity to 30% of the control level, while forced expression of
nuclear receptors in the same family (RAR and RXR) had
no effect (Fig. 6A). Approximately equal accumulation of
the transfected TR2 and TR4 proteins in transfected
K562 cells was confirmed by Western blotting (Fig. 6B).
Cotransfection of this erythroid cell line with both TR2
and TR4 shRNA vectors increased reporter activity ap-
proximately fourfold, while reducing endogenous TR2 or
TR4 abundance to ∼25% of their control levels (Fig. 6C).
Adding back mouse TR2 and TR4 (by cotransfection
with mTR2/mTR4 expression vectors) to the (human)
RNAi-treated cells restored reporter activity to control
levels. When the same clustered substitution mutation
shown in Figure 5C was introduced into the
pIE3.9intLuc plasmid, reporter activity increased by 2.5-
fold. Forcibly expressed TR2 or TR4 affected the activity
of the mutated reporter only modestly (to ∼60% of the
control levels), and further, TR2/TR4 RNA inhibition
did not significantly alter DR mutant reporter activity in
comparison with the RNAi vector control (Fig. 6A). Col-
lectively, the data show that TR2/TR4 binds to the
G1HE DR site in vitro and in vivo, that the G1HE DR
site functions as a GATA1 silencer element, and that
repression of the GATA1 gene mediated through the
G1HE DR site is specific for the nuclear orphan TR2 and
TR4 receptors.

Discussion

GATA-1 is among the most intensively studied tran-
scription factors. Gata1 transcription is first activated in
multipotential progenitor cells, and thereafter it is
thought to autoactivate its own hematopoietic enhancer
and promoter. During erythroid differentiation, Gata1
transcription significantly increases at the BFU-E stage,
peaks at the polychromatic erythroblast stage, and is
suppressed late during erythroid differentiation (Suzuki
et al. 2003; Anguita et al. 2004). This suppression appears
to be critical for GATA-1 function since persistent
GATA-1 expression inhibits the final stages of erythro-
poiesis (Whyatt et al. 2000). Nevertheless, factors that
control Gata1 repression at late erythroblast stages have
not been identified.

We show here that transgenic erythroid-specific TR2/
TR4 forced expression in mice repressed Gata1 tran-
scription in both primitive and definitive erythroid cells.
In contrast, both Tr2- or Tr4-null mutation and trans-
genic forced expression of a dominant-negative form of
TR4 led to induced GATA-1 mRNA accumulation in
both primitive and definitive erythroid cells. These re-
sults are both consistent with the hypothesis that TR2
and TR4 normally directly or indirectly repress Gata1
gene expression in vivo. Reduction in the abundance of
GATA-1 mRNA by forced expression of TR2/TR4, or
induction of GATA-1 mRNA by TR2/TR4 RNAi in dif-
ferentiated definitive human erythroblasts, indicated
that GATA1 repression by TR2/TR4 is an evolutionarily
conserved mechanism in mice and humans. Although
transgenic forced expression of GATA-1 causes erythroid
maturation arrest (Whyatt et al. 2000), the induction of

Figure 6. G1HE DR mutation abrogates Gata1 tran-
scriptional repression by TR2/TR4. (A) The wild-type or
G1HE DR mutated IE3.9int Luc reporter (0.1 µg) was
cotransfected with TR2, TR4, or RAR/RXR expression
vectors (+, ++, and ++++ represent 0.4, 0.8, or 1.6 µg,
respectively), or the TR2 and TR4 shRNA vectors into
K562 cells. Firefly luciferase activities were normalized
to cotransfected Renilla luciferase activities. Data rep-
resent the averages ± SD of three independent transfec-
tions. (B) Expression of Flag-tagged TR2 or TR4 in K562
cells after transfection with 9 or 18 µg of the pCMV/
Flag/TR2 or pCMV/Flag/TR4 vector was examined by
Western blotting with IRDye800-conjugated anti-Flag
antibody. (C) Effect of RNAi on TR2 and TR4 expres-
sion in K562 cells. K562 cells (2 × 105) were transfected
with shRNA vectors (shaded bars) or control vector
(open bars) along with a DsRed expression plasmid;
DsRed-positive (transfected) cells were collected by
flow cytometry. The recovered transfected cells were
used for RNA preparation. The abundance of TR2 and
TR4 mRNA was determined by semiquantitative RT–
PCR using GAPDH as the internal control. Data repre-
sent the averages ± SD of three independent transfec-
tion experiments.
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GATA-1 mRNA in Tr2- or Tr4-null mutant mice did not
lead to an overt erythroid maturation defect. That may
be due to the fact that the induction of Gata1 gene ex-
pression in the Tr2- or Tr4-null embryos led to at least an
order of magnitude lower expression than the level
achieved when the �-globin locus control region and pro-
moter were used to direct expression in the GATA-1
transgenic mouse. While GATA-1 mRNA was induced
by threefold or 2.5-fold in Tr2- or Tr4-null mutant em-
bryos, GATA-1 protein level (determined by quantitative
Western blotting using an anti-GATA-1 monoclonal an-
tibody) in 14.5-dpc fetal liver of the same mutants was
not significantly higher than that in wild-type embryos
(data not shown). In contrast, the level of GATA-1 pro-
tein in the fetal livers of LCR-directed GATA-1 forced
expression transgenic mice was at least fivefold higher
than that in wild-type embryos (Whyatt et al. 2000). The
reason for the more modest impact on GATA-1 protein
levels than on mRNA levels after Tr2 or Tr4 ablation
could be due to currently unknown compensatory
mechanisms operating at a post-transcriptional level in
the mutant mice.

The identification of a conserved DR1 element in the
G1HE, and binding of TR2 and TR4 protein to the DR
sequence in human erythroblasts (as demonstrated by
ChIP assays using anti-TR2- and anti-TR4-specific anti-
sera) strongly suggested that the repression of GATA1
transcription is mediated by direct TR2/TR4 binding to
the G1HE DR element. Site-specific mutation of the DR
sequence increased the transcriptional activity of
G1HRD, and muted its response to forced expression or
RNAi-mediated knockdown of TR2 and TR4 mRNA.
These results demonstrated that TR2 and TR4 can exert
repressor activity on the G1HRD through the −3.7 kb
GATA1 enhancer DR element. The data collectively
support the contention that the DR element within
G1HRD is a major mediator of GATA1 repression, and
therefore that TR2/TR4 (or more likely, the DRED re-
pressor complex) is the first GATA1 transcriptional re-
pressor to be identified.

Although TR2 and TR4 are expressed in undifferenti-
ated human CD34+ hematopoietic cells (Tanabe et al.
2002), TR2/TR4 binding to the G1HE was not observed
until the erythroblast stage at day 11 upon in vitro ery-
throid differentiation of the human hematopoietic pro-
genitor cells. This differentiation stage-dependent bind-
ing may be due to direct changes in TR2/TR4 protein
expression level, to (currently undefined) stage-depen-
dent post-translational modification of TR2/TR4, or
even to induction or repression of a differentiation-spe-
cific regulator of TR2/TR4 DNA binding.

Perhaps curiously, forced expression of TR2 alone did
not affect GATA1 transcription, although expression of
TR4 alone repressed GATA1. Since the level of trans-
gene-derived mRNAs in the TgTR2 and TgTR4 lines is
roughly equivalent, the difference in their phenotypes
may be due to the lower affinity of the TR2 homodimer
for DR elements in comparison with the TR4 homodimer
or to the TR2/TR4 heterodimer (Tanabe et al. 2007).

The results from the analysis of TR2 or TR4 gain- and

loss-of-function mice demonstrated that these orphan
nuclear receptors repress Gata1 transcription in both
primitive and definitive erythroid cells. Consistent with
those observations, TR2 and TR4 also repressed GATA1
expression in definitive human erythroid progenitor
cells. So how is it that TgTR4 and TgTR2/TR4 mice recover
from the mid-embryonic anemia by 15.5 dpc and exhibit
no postnatal phenotype? One hypothesis is that the
mean expression of GATA-1 transcripts within indi-
vidual clones of erythroid progenitors is indeed lower in
TgTR4 and TgTR2/TR4 lines, but that recovery from the
induced anemia could reflect in vivo selection of hema-
topoietic progenitors that happen to express the highest
levels of GATA-1. Indeed it has been shown that mice
bearing germline mutations in the Gata1 promoter ex-
hibit lower overall GATA-1 mRNA accumulation and
severe anemia. While most of these mice died before or
shortly after birth, those that survive gradually express
more GATA-1 and eventually develop normal blood in-
dices (McDevitt et al. 1997). A second possibility lies in
the observation that TR2 and TR4 are much more abun-
dant in definitive than in primitive red blood cells, and
consequently an increase in TR2 and TR4 abundance
could exert a more profound effect in primitive than in
definitive stage red blood cells. Possible autorepression
of Gata1 promoter-directed TR2/TR4 transgenes by the
forcibly expressed TR2/TR4 proteins cannot account for
the transient nature of the embryonic anemia, because
we did not observe any reduction in abundance of the
Tg-derived TR2 and TR4 mRNAs in the fetal liver (de-
finitive) versus yolk sac-derived (primitive) erythroid
cells.

Forced transgenic expression of TR2 and TR4 in ery-
throid cells reduced the formation of primitive erythroid
progenitors, and induced embryonic anemia. Previously,
it was reported that Gata1-null hematopoietic stem cells
failed to produce primitive erythroid precursors (Weiss et
al. 1994). A second study demonstrated that mutant
mice expressing GATA-1 mRNA at 20%–25% of wild-
type levels exhibited anemia and defects in erythroid
maturation during both the primitive and definitive
stages (McDevitt et al. 1997). Taken together with those
observations, the data presented here are consistent with
the possibility that the anemic phenotype of TR2/TR4
transgenic embryos may be due to their transcriptional
repression of Gata1. The ChIP assays indicate that TR2
and TR4 are bound to the −3.7 kb G1HE DR element in
human erythroid progenitor cells following in vitro dif-
ferentiation of CD34+ progenitors for 11 d. From the
summary of these results, we hypothesize that TR2/TR4
plays a direct role in repressing GATA1 transcription in
maturing erythroblasts, leading to GATA-1 down-regu-
lation that is thought to be essential for terminal ery-
throid maturation (Whyatt et al. 2000).

Previous studies demonstrated that in addition to its
roles in erythroid differentiation, GATA-1 is also indis-
pensable for megakaryocyte development (Shivdasani et
al. 1997). The absence of GATA-1 in megakaryocytes
leads to increased proliferation and deficient maturation
of megakaryocytic progenitors as well as to reduced
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numbers of mature circulating platelets. Furthermore,
the platelets produced in GATA-1-deficient megakaryo-
cytes are not fully functional and display abnormal mor-
phology (Vyas et al. 1999a). GATA-1 is also required for
the differentiation of eosinophils (Hirasawa et al. 2002;
Yu et al. 2002) and mast cells (Harigae et al. 1998). The
expression or function of TR2 and TR4 in hematopoietic
lineages other than erythroid has not been examined,
and therefore the question of whether or not TR2 and
TR4 participate in regulating GATA-1 activities by re-
pressing GATA-1 expression in myeloid cells is an issue
that warrants further investigation.

Materials and methods

Mice

The transgenic mice forcibly expressing wild-type TR2 only
(TgTR2)(line 2), TR4 only (TgTR4)(line 2), or both (TgTR2/TR4)(line
2), and the dominant-negative TR4 mutant (TgdnTR4) were de-
scribed previously (Tanabe et al. 2007). For erythroid-specific
expression of the transgenes, the mouse G1HRD cassette was
used to direct expression of the murine TR2 and/or TR4 cDNAs
(Onodera et al. 1997). Tr2- and Tr4-null mutant mice bearing
deletions of the exons encoding the DNA-binding domains of
the two receptors were generated by homologous recombina-
tion in ES cells and subsequent deletion of the Neo selection
markers with Cre recombinase in mice (O. Tanabe, unpubl.).
The details describing the generation of the Tr2 and Tr4 condi-
tional null mutant mice will be described elsewhere.

Antibodies

Rabbit polyclonal anti-TR2 and anti-TR4 antibodies were de-
scribed (Tanabe et al. 2007). PE-conjugated anti-mouse CD45,
PE-conjugated anti-human CD36, and APC-conjugated anti-hu-
man glycophorin A were purchased from eBioscience Systems.
The FITC-conjugated anti-human CD34 was from StemCell
Technologies. IRDye800-conjugated rabbit anti-Flag antibody
(Rockland Immunochemicals), rat anti-mouse Gata-1 (N6) an-
tibody (Santa Cruz Biotechnology) with AlexaFluor680-conju-
gated goat anti-rat IgG secondary antibody (Invitrogen), or goat
anti-mouse Lamin B (M-20) antibody (Santa Cruz Biotechnol-
ogy) with IRDye800CW-conjugated donkey anti-goat IgG sec-
ondary antibody (Li-Cor) was used for Western blotting with the
Odyssey infrared imaging system (Li-Cor).

Collection of embryonic and fetal blood cells

TgTR4 or TgTR2/TR4 transgenic embryos (10.5–15.5 dpc) and their
wild-type littermates were separated from the uterus together
with intact yolk sacs and placentas, and then rinsed with phos-
phate-buffered saline (PBS) several times to remove maternal
blood. The macroscopic appearance of the embryos was deter-
mined immediately after rupturing the yolk sacs to minimize
blood loss. To count blood cells, the 10.5- to 15.5-dpc embryos
rinsed with PBS were placed in containers with 0.5 mL of PBS
and then were detached from the yolk sac and placenta. Blood
was collected from the embryos by piercing and compressing
the heart with forceps. The number of erythrocytes in embry-
onic blood thus collected was determined with a hemocytom-
eter.

Primitive erythroid progenitor assay

TR2/TR4 transgenic embryos (8.5 dpc) and their wild-type lit-
termates were dissected under sterile conditions and were used

for genotyping. Yolk sacs from embryos were incubated in Ca2+/
Mg2+-free PBS with 20% fetal calf serum (FCS) and 0.1% colla-
genase (Sigma) for 1 h at 37°C. Cells were then disaggregated by
passage through a syringe and 22-gauge needle (Wong et al.
1986). The yield from each yolk sac was 0.5 × 104 to 1 × 104 total
cells. Subsequently, 1 × 103 cells from each yolk sac were plated
in semisolid media to support the growth of all hematopoietic
colonies (MethoCult GF M3434; StemCell Technology). After 3
d of culture, the number of primitive erythroid colonies (EryP),
macrophage colonies (MAC), and fibroblast colonies was deter-
mined.

Collection of fetal liver hematopoietic cells

Fetal livers (14.5 dpc) were collected, rinsed, and placed in con-
tainers with 1 mL of PBS containing 4% fetal bovine serum
(PBS/FBS). Hematopoietic and hepatic cells were released by
dicing and repetitive pipeting, followed by passage through a
cell strainer (Falcon). For antibody staining, 1 × 106 cells were
suspended in 100 µL of chilled PBS/FBS and incubated with
PE-conjugated anti-CD45 for 30 min on ice. After incubation,
the cells were washed twice and suspended in 1 mL of ice-cold
PBS/FBS. CD45-positive hematopoietic cells were collected by
flow cytometry.

Semiquantitative RT–PCR

Total RNA was extracted from murine embryonic blood cells,
murine fetal liver hematopoietic cells, or human erythroblasts
that had been differentiated from CD34+ cells using Isogen (Nip-
pon Gene). First-strand cDNA was synthesized with Super-
Script II using 1 µg of total RNA in a 20-µL reaction volume.
PCR was performed using 1 µL of cDNA in a 20-µL reaction
volume (final) containing 20 mM Tris-HCl (pH 8.4), 50 mM
KCl, 2.5 mM MgCl2, 200 µM each dNTP, 0.8 U of HotStart Taq
DNA polymerase (Takara), 1 µCi of [�32P]-dCTP (ICN), and two
gene-specific primer set (5 pmol) with temperature cycles of
denaturation for 10 sec at 95°C, annealing for 10 sec at 58°C,
and extension for 30 sec at 72°C. Optimal PCR cycle numbers
within the exponential amplification range were experimen-
tally determined for each primer set and each tissue. PCR reac-
tions were electrophoresed on 8% polyacrylamide gels, dried,
and quantified on a PhosphorImager (Molecular Dynamics). The
primers used for PCR (m and h stand for murine and human,
respectively) are listed in Table 3.

Real-time PCR analysis for quantifying TR2 and TR4 cDNA

Real-time PCR analysis was performed with 0.1 µL of 11.5-dpc
embryonic blood and 14.5-dpc fetal liver cDNAs in a 25-µL
reaction using the ABI Prism 7000 Sequence Detection System
and SYBR Green PCR Master Mix (Applied Biosystems). Se-
quences of the primers for endogenous and Tg-derived TR2 and
TR4 cDNAs were described previously (Tanabe et al. 2007).
Primer sequences for RNase inhibitor cDNA are listed in Table
3. All of the primer sets were designed to span introns. The
abundance of each cDNA was determined based on its Ct
(threshold cycle) value and an experimentally determined am-
plification efficiency for each primer set, and then normalized
to the abundance of RNase inhibitor cDNA (as the internal
control).

In vitro differentiation of human CD34+ cells

Human CD34+ cells purified from mobilized peripheral blood
were obtained from the National Heart, Lung, and Blood Insti-
tute (NHLBI)-sponsored Program of Excellence in Gene Therapy

TR2/TR4 directly represses Gata1

GENES & DEVELOPMENT 2841



National Core Center at the Fred Hutchinson Cancer Research
Center. Cells were differentiated in vitro under conditions de-
scribed previously (Giarratana et al. 2005), with only minor
modifications. Cells were cultured in a serum-free medium
(StemLine II; Sigma) supplemented with 120 µg/mL iron-satu-
rated human transferrin, 900 ng/mL ferrous sulfate, 90 ng/mL
ferric nitrate, and 10 µg/mL insulin (Sigma).

The expansion procedure was comprised of two steps. In the
first step (days 0–8), 104 CD34+ cells per milliliter were cultured
in the presence of 10−6 M glucocorticoid (Sigma), 100 ng/mL
SCF, 5 ng/mL IL-3 (R&D Systems), and 3 IU/mL erythropoietin
(SCF and erythropoietin were the generous gifts of Amgen, Inc.).
On day 4, 1 vol of cell culture was diluted in 4 vol of fresh
medium containing hydrocortisone, SCF, IL-3, and erythropoi-
etin. For the second step (7 d after initiating the cultures) the
cells were suspended at 2 × 105/mL and cultured on an adherent
mouse OP9 stromal cell layer in fresh medium supplemented
with erythropoietin. OP9 mouse stromal cells were cultured in
MEM� medium (Gibco) containing 20% FBS and 100 U/mL
penicillin/streptomycin. OP9 cells were split 1:3 every 3–4 d
(Nakano et al. 1994).

For flow analysis of cell surface antigens, cells from different
differentiation stages were collected and suspended in chilled
PBS/FBS (1 × 106 cells per 100 µL). Fluorophore-conjugated anti-
CD34, anti-CD36 and/or anti-glycophorin A were added to the
cell suspension. After a 30-min incubation on ice, cells were
washed twice, suspended in 1 mL of ice-cold PBS/FBS, and sub-
jected to flow cytometric analysis.

Transfection of human CD34+ cells

Transfections were carried out following the CD34+ transfec-
tion protocol supplied by the Nucleofector manufacturer
(Amaxa). For each transfection, 106 CD34+ cells and 4 µg of
effector plasmid plus 1 µg of DsRed expression plasmid were
used. After in vitro differentiation, transfected cells were col-
lected by flow cytometric sorting for DsRed-positive cells.

RNAi

The pCS2DsRed2/U6 plasmid was used for expression of shRNAs
under the control of the U6 promoter (Velkey and O’Shea 2003).
The following 22-bp target sequences (specific for the human
TR2 or TR4 mRNAs) were selected for RNAi-mediated knock-
down: TR2E RNAi, 5�-AAAUCUUCCAACUGUGCCGC
UU-3�; TR4D RNAi, 5�-AACCAAGCAAUUGUGCUGCUUC-3�.

EMSA

293T cells were transfected with pCMV Flag-mTR2, pCMV
Flag-mTR4, or vector (12 µg of DNA per 10-cm plate) using

Fugene6 (Roche). Nuclear extract preparation, DNA-binding re-
actions, and electrophoresis were performed as described (Tani-
moto et al. 2000). The following blunt-ended oligonucleotides
were used in the EMSA studies (only the sense strands are
shown): mG1HE DR, 5�-tccctgctggcTGAACTgTGGCCAcagact
tctgg-3�; mG1HE DR mutant, 5�-tccctgctggcTtAAaTgTaGCaA
cagacttctgg-3�; hG1HE DR, 5�-tccttgctggcTGAACTgTCGCCG
cagacttctga-3�; hG1HE DR mutant, 5�-tccttgctggcTtAAaTgTa
GCaGcagacttctga-3�; �-distal DR, 5�-CCCTGAGGACACAG
GTCAGCCTTG-3�; � DR, 5�-GCCTTGCCTTGACCAATAGC
CTT-GACAA-3�; �, 5�-TAGGGTTGGCCAATCTACTCCC-3�.

For competitive binding experiments, the radioactive probe
and unlabeled competitor oligonucleotides were mixed together
before adding to the reaction.

ChIP

ChIP experiments were performed following the Upstate Bio-
technology ChIP protocol with minor modifications: In vitro
differentiated human erythroid progenitor cells (5 × 106) at dif-
ferent stages were harvested for each reaction. The cells were
treated with 1% formaldehyde at room temperature for 12 min
to cross-link protein to DNA. After sonication (12 × 5 sec, 70%
power on a Branson Sonifier 450), a small fraction of the chro-
matin was uncross-linked by heating the mixture to 67°C for 4
h, and the average size of the DNA fragments (300–400 bp) was
determined by gel electrophoresis to verify effective sonication.
The rest of the cross-linked chromatin was immunoprecipitated
using anti-TR2- or anti-TR4-specific antibodies overnight at
4°C. The supernatant from the no-antibody-added samples was
saved to measure total input chromatin.

The cross-linked protein was next uncoupled from DNA by
heating. DNA was purified using Qiaquick gel extraction col-
umns (Qiagen) and resuspended in 50 µL of H2O. Finally, a
Bio-Rad I-Cycler was used to perform quantitative real-time
PCR. Two microliters of immunoprecipitated sample or 2 µL of
diluted input DNA were amplified in a 20-µL reaction volume
(final) containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 2.5
mM MgCl2, 200 µM each dNTP, 0.8 U of HotStart Taq DNA
polymerase (Takara), 100 nM FITC, 1 U of SYBR Green, and the
sequence-specific primer pair (5 pmol) with temperature cycles
of denaturation for 10 sec at 95°C, annealing for 10 sec at 58°C,
and extension for 30 sec at 72°C.

The primer sequences used for this assay were hGATA-1
−7.7K, 5�-CCTAGCCACATTCTGGTTGTCC-3� and 5�-ATG
GGAGGATGTGGATTGATGTA-3� (76-bp amplicon); hGATA-1
−3.7K, 5�-GACAGTTCAGCCAGCAAGGAG-3� and 5�- GTCT
CCCCCAAAGCCTGATCT-3� (80-bp amplicon); hGATA-1
+1.5K, 5�-TCTGTCCGGAGAGTGATAACTGG-3� and 5�-CA
CCTCACACGTTGGTGAGTC-3� (90-bp amplicon); hGATA-1

Table 3. RT–PCR primers

Targets Amplicon Sense primer Antisense primer

mGAPDH 259 bp 5�-CTGCTCCCTGCTACTTCAGTGTT-3� 5�-TGACTGTGCCGTTGAATTTACTG-3�

RNase Inhibitor 200 bp 5�-TCCAGTGTGAGCAGCTGAG-3� 5�-TGCAGGCACTGAAGCACCA-3�

mEKLF 88 bp 5�-GACCACTTAGCTCTGCACATGAA-3� 5�-TACGGTCCTTGGATCCACTCTTA-3�

mRAR 147 bp 5�-CAGCTCTGGACCTTCCTACAAAA-3� 5�-GAGCTGCAAGTCCCAAGTTAGTC-3�

mRXR 130 bp 5�-CAAGAGGATCCCACACTTTTCTG-3� 5�-CAGGAGAATCCCATCTTTCACAG-3�

mCOUP-TFII 98 bp 5�-ACCCTCATCCGGGATATGTTACT-3� 5�-TGTTTCACTCCCCCTTATTTTGA-3�

mSmad5 211 bp 5�-GGCTTGCCCCATGTTATATATTG-3� 5�-AGAAGGCTGTGTTGTGGATTGAA-3�

mGATA-1 157 bp 5�-CGTCATACCACTAAGGTGGCTGAAT-3� 5�-GTGGAATCTGATGGTGAGGACA-3�

hS14 125 bp 5�-GGCAGACCGAGATGAATCCTCA-3� 5�-CAGGTCCAGGGGTCTTGGTCC-3�

hGAPDH 132 bp 5�-CGAGATCCCTCCAAAATCAAGT-3� 5�-GGCAGAGATGATGACCCTTTTG-3�

hGATA-1 117 bp 5�-GACAGGACAGGCCACTACCTATG-3� 5�-AGTACCTGCCCGTTTACTGACAA-3�
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+3.5K, 5�-GACGGGGAGAATAAGAGGAAGTG-3� and 5�-
ATTTTCTCCTCCCCTCCAATTTC-3� (114-bp amplicon).

Each primer pair was tested under the described PCR condi-
tion with serially diluted input DNA. The PCR efficiency (E)
was derived by I-Cycler software. Finally, the relative abun-
dance of DNA in each ChIP sample was calculated by the fol-
lowing equation:

Relative abundance =
1

�1 + E�CYCLEs−CYCLEi

where CYCLEs is the threshold cycle for the ChIP sample and
CYCLEi is the threshold cycle for the input DNA sample.

Luciferase reporter assay

The wild-type and mutant pIE3.9intLuc firefly luciferase re-
porter plasmids containing the entire G1HRD (Onodera et al.
1997) were used for transient transfection assay. The pRL-TK
Renilla luciferase reporter plasmid (Promega) was used as an
internal control. The eukaryotic expression plasmids used in
this assay were pCMV Flag-mTR2, pCMV Flag-mTR4 (Tanabe
et al. 2007), pCMV mRXR, and pCMV mRAR. The TR2 and
TR4 pCS2DsRed2/U6 plasmids were also used. K562 cells were
distributed in six-well plates (2 × 105/well), and transfected us-
ing Fugene6 (Roche) with a mixture of reporter plasmids (0.1 µg
DNA) and eukaryotic expression plasmids (0.4–1.6 µg DNA).
The total DNA amount was brought to 2 µg by the addition of
pCDNA3.1 plasmid where needed. After 40 h of culture, the
cells were harvested and subjected to dual luciferase assay (Pro-
mega) according to the manufacturer’s instructions. K562 cells
were maintained in DMEM media containing 10% FBS and 100
U/mL penicillin/streptomycin.

To verify TR2/TR4 protein expression in transfected cells,
K562 cells were divided among 10-cm plates (2 × 106 cells per
plate) and transfected using Fugene6 as described above. The
total DNA amount was 20 µg in each transfection reaction.
Cells were harvested after 40 h of culture. Nuclear extracts were
prepared and subjected to Western analysis using IRDye800-
conjugated anti-Flag antibody.
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