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All-frans-retinoic acid (RA) stimulates differentiation of normal hematopoietic progenitors and acute my-
eloid leukemia cells. GATA-2 is a transcription factor expressed in early progenitor cells and implicated in the
control of the fate of hematopoietic stem cells and progenitor cells. We have investigated the possibility that
the GATA and nuclear hormone receptor pathways are functionally linked through direct protein-protein
interaction. Here we demonstrate that in human myeloid KG1 cells, RA receptor alpha (RAR«), the major
RAR expressed in hematopoietic cells, associates with GATA-2. This association is mediated by the zinc fingers
of GATA-2 and the DNA-binding domain of RAR. As a consequence of this interaction, RAR« is tethered to
the DNA sites that are recognized and bound by GATA-2, and the transcriptional activity of GATA-2 becomes
RA responsive. The RA responsiveness of GATA-dependent transcription is eliminated by expression of either
a dominant negative form of RARa or a GATA-2 mutant that fails to interact with RARa. Overexpression of
RXRa inhibits RAR« binding to the GATA-2-DNA complex, thus resulting in attenuation of the effects of
RAR« on GATA-2 activity. In addition, inhibition by RA of GATA-2-dependent hematopoietic colony formation
in an embryonic stem cell model of hematopoietic differentiation provided biological evidence for functional

cross talk between RA and GATA-2-dependent pathways.

Hematopoiesis is highly regulated in vertebrates and capable
of numerous adaptive responses to changing conditions.
Among the factors that modulate hematopoiesis are a number
of nuclear receptor ligands such as the steroid and thyroid
hormones, as well as vitamin A derivatives such as all-trans-
retinoic acid (RA). Estrogens stimulate outgrowth of avian
bone marrow-derived erythroid progenitor cells and delay
their maturation. This delay is associated with reduced expres-
sion of many erythroid cell-specific genes (48). The role of
thyroid hormones in erythropoiesis is reflected by the inhibi-
tory effect of the dominant negative form of the thyroid hor-
mone receptor (v-erbA) on erythropoiesis (47, 65).

Several lines of evidence support a role of RA receptor
alpha (RARa) in regulating myeloid development, in par-
ticular along the granulocytic pathway. Acute promyelocytic
leukemia (APL), which represents a block in granulocytic
differentiation, is associated with chromosomal transloca-
tions involving RARa (66). The translocations give rise to
fusion proteins that, at physiological concentrations of RA, act
as dominant negative forms of wild-type RAR«a (30). Hema-
topoietic progenitor cells engineered to express dominant neg-
ative forms of RARa have been shown to be defective in
granulocytic differentiation pathways (58-60). Similarly, antag-
onists of RAR« inhibit myelopoiesis (34) and RARa agonists
inhibit proliferation of primitive progenitor cells and stimulate
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a myeloid differentiation program (6, 52). Hematopoietic cells
lacking RARSs exhibit abnormalities in myeloid differentiation
(25, 28), and expression of RARa is positively regulated by
myelomonocytic growth factors (68).

The mechanisms by which steroid hormones can alter he-
matopoiesis are not fully understood, but one possible mode of
their action may involve functional links with key transcrip-
tional regulators of hematopoiesis. The GATA proteins may
provide such an example. These comprise a family of transcrip-
tional factors characterized by the ability to bind a common
conserved DNA sequence (WGATAR) by virtue of evolution-
arily conserved C4 zinc finger domains (42, 49). Of these,
GATA-1, GATA-2, and GATA-3 are expressed in hematopoi-
etic cells. GATA-1 is expressed at a high level in erythroid
cells, mast cells, megakaryocytes, and eosinophils and at a low
level in multipotent progenitors. GATA-2 is more broadly
expressed among hematopoietic cells, with particularly prom-
inent expression in early progenitor cells (42, 49). Loss-of-
function experiments suggest that GATA-2 is critically in-
volved in the survival and growth of multipotent progenitors
(57). Forced-expression studies with factor-dependent cell
lines and primary cells are also consistent with the involvement
of GATA-2 in these processes (2, 15, 20, 26, 43). However,
these experiments have revealed both positive and negative
effects on progenitor cell proliferation and differentiation.
These different results may reflect differences in cell context.
They may also, in part, be attributable to the nature of the
GATA-2 moieties involved, given that some of the studies
made use of GATA-2-ER (estrogen receptor) fusion mole-
cules that may not retain all of the properties of the native
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GATA-2 molecule (2, 15, 20, 26). Taken together these find-
ings implicate GATA-2 as a key transcription factor controlling
the fate of hematopoietic stem and progenitor cells.

Given the key roles played by GATA-2 and RAR« in he-
matopoiesis, we postulated that there could be an important
functional interaction between these factors. Here we present
results indicating that GATA-2 interacts with RARa and sug-
gesting that retinoids and GATA-2 cooperate to positively
modulate myeloid differentiation programs.

MATERIALS AND METHODS

Expression plasmids. An expression plasmid for human GATA-2 (GATA-2/
pMT2) (13) was generously provided by S. H. Orkin (Harvard Medical School,
Boston, Mass.). Flag-tagged GATA-2/pCMYV has been described previously (62).
The dominant negative form of RARa (RARa403) was constructed as previ-
ously described (58, 59). To construct expression vectors for Flag-tagged versions
of RARa and RXRa, the coding regions of RARa and RXRa were produced by
PCR with ¢cDNAs for RARa and RXRa as templates and cloned into the
pFLAG-CMV2 vector (Eastman Kodak, New Haven, Conn.). The encoding
regions were fully sequenced to confirm the correct sequence.

The GATA-2 LW—AA mutant was made by PCR-mediated mutagenesis with
primers G2Sacll/S (ATCTTCCGCGGGGGGTA), G2BamHI/AS (CCGAGTC
TGGATCCTT), NfLW/AA/S (GCAACCCCTGCCGCGCGGCGGGA),
NfLW/AA/AS (TCCCGCCGCGCGGCAGGGGTTGC), CfLW/AA/S (ACCA
CCACCGCAGCGCGCCGAAAC), and CfLW/AA/AS (GTTTCGGCGCGCT
GCGGTGGTGGT). Briefly, human GATA-2 cDNA was used as a template and
two sets of PCRs were done with primer sets G2Sacll/S-CfLW/AA/AS and
G2BamHI/AS-CfLW/AA/S. The resulting PCR products were gel purified and
mixed, and then a PCR was performed without added primers. Primers
G2SaclIl/S and G2BamHI/AS were then added, and the mutant cDNA fragment
from Sacll to BamHI was amplified. The resulting PCR product was used as a
template for the same procedure with primers NfLW/AA/S and NfLW/AA/AS in
the place of primers CfLW/AA/S and CfLW/AA/AS. The resulting cDNA frag-
ment encompassing Sacll to BamHI with LW—AA substitutions in both the N
and C fingers was digested with Sacll and BamHI and inserted into the cDNA
for human GATA-2, from which wild-type SacII-BamHI was cut out. The con-
struct was validated by subsequent DNA sequencing.

Protein interaction assays. 293T cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum (FCS). Human leuke-
mia KG1 cells were maintained in RPMI 1640 medium supplemented with 10%
FCS. 293T cells (10°) grown in 10-cm-diameter dishes were transfected with the
indicated expression plasmids by a standard calcium phosphate coprecipitation
method. The total amount of plasmids was equalized by the addition of corre-
sponding empty vectors. Forty-eight hours later, nuclear extracts were prepared
as described elsewhere (12) and immunoprecipitated with anti-Flag antibody
(M2) in combination with protein G-agarose beads in the binding buffer (20 mM
HEPES-KCI [pH 7.9], 140 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 5 mg
of bovine albumin per ml, 5% protease inhibitor cocktail [Sigma, St. Louis, Mo.],
0.1% NP-40). After five washes with the binding buffer, immune complexes were
analyzed by Western blotting with the indicated antibodies. For immunoprecipi-
tations with KG1 cells, nuclear extracts from 107 cells and agarose-conjugated
anti-GATA-2 antibody or agarose-conjugated mouse immunoglobulin (Ig; con-
trol) were used. Anti-Flag antibody M2 and protein G-agarose beads were
purchased from Sigma. Agarose-conjugated anti-GATA-2 antibodies, agarose-
conjugated mouse Ig, and polyclonal antibodies against GATA-2, RARa, and
RXRa were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.).

One- and two-hybrid analyses were conducted essentially as detailed in the
commercially obtained CheckMate Mammalian Two-Hybrid System (Promega).
For the GAL4-GATA-2 fusion construct an Ncol fragment encompassing the
entire cDNA for human GATA-2 except for the last amino acid was Klenow
filled and inserted into the EcoRV site of the pBIND vector. For the VP16-
RARa« fusion construct the entire coding sequence of RARa was generated by
PCR with primers with engineered BamHI sites and inserted into the BamHI site
of pACT. Transient transfection of 293T cells was performed as described below.

Expression plasmids for glutathione S-transferase (GST) fusion proteins con-
taining various parts of GATA-2 have been described previously (63). Fragments
of cDNA for RARa were produced by PCR with the cDNA of RAR« as a
template in combinations with the following primers (restriction enzyme recog-
nition sites are underlined): primer 1, CCAGAATTCATGGCCAGCAA-CA
GCAGCT; primer 2, AGTACTCGAGCCCATAGTGGTAGCCTGAGGA;
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primer 3, CCAG-AATTCCCCTCGCC-ACCCCCTCTA; primer 4, AGTAC
TCGAGCTGGCAGAGGGCAG-GGAA; primer 5, ATAGAATTCAAAGC
GCACCAGGAAACCTT; primer 6, ATACTCG-AGCGGTCACGGG-GAG
TGGGT. Primers 1 and 2 were used for cloning of the A/B region of RARa,
primers 3 and 4 were for the DNA-binding domain, primers 5 and 6 were for the
ligand-binding domain, and primers 1 and 4 were for A/B plus the DNA-binding
domain. The PCR products were digested with EcoRI and Xhol and inserted
into the EcoRI/Sall site of GST fusion vector pGEX5x-1 (Pharmacia, Uppsala,
Sweden). The bacterially expressed GST fusion proteins were purified in accor-
dance with the manufacturer’s instructions. Nuclear extracts of 293T cells trans-
fected with an expression plasmid for Flag-RARa or Flag-GATA-2 were pre-
pared as described previously and incubated with the indicated GST fusion
proteins bound to the resin in the binding buffer (50 mM Tris-HCI [pH 7.5], 140
mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 5 mg of bovine serum albumin per
ml, 5% protease inhibitor cocktail, 0.1% NP-40) as described previously (63).
The resin was washed five times with the binding buffer, and the bound protein
was analyzed by Western blotting with anti-Flag antibody M2 (Eastman Kodak).

DNA-binding assays. Nuclear extracts from the 293T cells transfected with the
indicated expression plasmids or KG1 cells were incubated with 40 pmol of
biotinylated double-stranded oligonucleotides containing the recognition sites
for GATA-2 (TATTTTTATCTGATAGGAAGT [recognition site in boldface
type]) in combination with streptavidin-agarose beads in the binding buffer
described above, essentially as described previously (23, 32). After five washes
with the binding buffer, proteins captured by the oligonucleotides were analyzed
by Western blotting with the indicated antibodies. Biotinylated double-stranded
oligonucleotides mutated in the core recognition sequence from GATA to TTTA
were used as controls. For the analyses of protein binding to RA-responsive
elements (RAREs), the following biotinylated oligonucleotides and their com-
plementary antisense oligonucleotides were used after annealing: biotinylated
DR2 (CGATCTAGGGTTCACCAGTTCACTCGGAT) and biotinylated DRS
(CGCACTAGGGTTCACCGAAAGTTCACTCGCTT). Biotinylated oligonucle-
otides mutated in the core recognition sequence from GGTTCA and AGTTCA
to GGTAGT and AGTAGT (mutant DR2, mutant DRS), respectively, were
used as controls. Electrophoretic mobility shift assays (EMSAs) with radiola-
beled probes were performed as previously described (63). Dissociation assays
were conducted as previously described (9).

Transactivation assays. A luciferase reporter plasmid in which two copies of
back-to-back double GATA sites in the mouse CD34 promoter were placed
upstream of the B-globin minimal promoter driving a luciferase gene (designated
CD34x2/Luc.) has already been described (63). A luciferase reporter plasmid in
which a murine GATA-1 promoter (positions —798 to —574) containing a
double GATA site was arrayed upstream of the B-globin minimal promoter
(designated GATA-1/Luc.) was a gift from M. Yamamoto (Tsukuba University,
Tsukuba, Japan) (24, 61). The mutant reporters in which core recognition se-
quences were changed from GATA to TTTA (designated mutant CD34x2/Luc.
and mutant GATA-1/Luc.) were described previously (63). Luciferase reporter
assays were conducted as previously described (63), with pRL-CMV-Renilla
luciferase plasmids (Promega) used to monitor transfection efficiencies. All-
trans-RA (Sigma) was added to the culture medium 24 h after transfection where
indicated, and luciferase activities were measured after a further 24 h. The
relative luciferase activities reflect duplicate values from a representation of no
fewer than two independent experiments.

Semiquantitative RT-PCR. HEL (human erythroleukemia) cells were culti-
vated in RPMI medium supplemented with 10% FCS and antibiotics. Untreated
cells and those incubated with RA (final concentration, 10~° M, 0.0005% etha-
nol; Sigma-Aldrich Company Ltd., Poole, United Kingdom) were harvested after
24 h. Total RNA was isolated with RNA-Bee (Biogenesis, Poole, England).
Reverse transcription (RT) was carried out with 64 ng of RNA per ul, Moloney
murine leukemia virus reverse transcriptase (Gibco Invitrogen, Paisley, United
Kingdom), random hexamer primers, and reaction conditions suggested by the
supplier.

Murine FCDPmix A4 cells were cultivated as described before (21, 68). All
cells were maintained in a high concentration of interleukin-3 (IL-3; 10 ng/ml),
except for induction of erythrocytic differentiation with Epo (1 U/ml) and hemin
(2 X 107* M), where the IL-3 concentration was reduced to 0.05 ng/ml. RA
(107° M) and the RAR« antagonist Ro 41-5253 (107°M) were used as previ-
ously described (68). Semiquantitative PCR was performed in the GeneAmp
PCR system 9700 (Applied Biosystems, Warrington, United Kingdom) with the
Expand High Fidelity PCR system (Roche Diagnostics, GmbH, Mannheim,
Germany) and 500 nM each PCR primer. PCR primer pairs were derived from
sequences present in different exons to avoid confounding results due to the
possible presence of small amounts of genomic DNA in RNA samples. For
detection of murine sequences, the following forward and reverse PCR primer
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pairs were used: mCD34, 5'-AAGCCACCAGAGCTATTCCC and 5'-GTTGT
CTTGCTGAATGGCCG; mGATAL1, 5'-TCACCATCAGATTCCACAGG and
5'-CCAAGAACGTGTTGTTGCTC; mGAPDH, 5'-GGGAAGCCCATCACC
ATCTT and 5'-GCCTTCTCCATGGTGGTGAA. The forward and reverse
primers used to detect human sequences were as follows: GATA1, 5'-TGCTC
TGGTGTCCTCCACAC and 5'-TGGGAGAGGAATAGGCTGCT; B2-micro-
globulin, 5'-TGACTTTGTCACAGCCCAAGATA and 5'-AATCCAAATGCG
GCATCTTC. The GATA-2 primers used (5'-GACTATGGCAGCAGTCTC
TTCC and 5'-GGTGGTTGTCGTCTGACAATT) detect both human and
mouse GATA-2 transcripts. After an initial 2-min denaturation step at 94°C, the
PCR amplification conditions were as follows: mCD34, 27 cycles of annealing (20
s), extension (30 s), and denaturation (20 s) at 60, 72, and 94°C, respectively;
mGATALI, 27 cycles of annealing (30 s), extension (40 s), and denaturation (20
s) at 61, 72, and 94°C, respectively; mGAPDH, the same as for mCD34 but for
25 cycles; human GATALI and B2-microglobulin, 25 cycles of annealing (20 s),
extension (40 s), and denaturation (15 s) at 64, 72, and 95°C, respectively.
Aliquots of each PCR mixture were analyzed by electrophoresis in 1.5% agarose
gel and TAE buffer. The expected sizes of specific PCR product were as follows:
mCD34, 290 bp; mGATA1, 325 bp; mGAPDH, 113 bp; human GATAL1, 491 bp;
human B2-microglobulin, 82 bp; mouse and human GATA-2, 297 bp.

Culture and differentiation of ES cells. The various GATA-2-containing em-
bryonic stem (ES) cell clones used in this study have been previously reported
(26) and were maintained as previously described (39). Culture of OP9 stromal
cells and in vitro differentiation induction to hematopoietic cells from ES cells on
OP9 cells were performed as described previously (37, 38). In the OP9 system,
primitive erythrocytes and definitive multipotent hematopoietic progenitors de-
velop at day 5 of differentiation induction (36-38). GATA-2 expression was
therefore induced by withdrawal of tetracycline (TET) after day 5 to allow
examination of its function in hematopoiesis. Hematopoietic colonies were then
counted 2 days after induction of GATA-2 expression.

RESULTS

Interaction of GATA-2 with RARa. To examine a potential
functional relationship between GATA-2 and RA in hemato-
poiesis, we first investigated whether GATA-2 can physically
interact with RARa. Initial experiments were conducted with
heterologous 293T cells and mammalian one- and two-hybrid
assays. In the mammalian two-hybrid assay (Fig. 1A), signifi-
cant activation of the pG5Luciferase reporter plasmid is only
seen in the presence of the expression of both GALA-GATA-2
and VP16-RARa. The one-hybrid data (Fig. 1B) are also in-
dicative of an interaction between GATA-2 and RARa. Im-
portantly, the one-hybrid data showed that the interaction of
GATA-2 with VP16-RARa could stimulate the activity of a
GATA-dependent reporter, suggesting that GATA-2 could re-
cruit RARa to a GATA binding site.

This interaction was next directly demonstrated by coimmu-
noprecipitation experiments performed with 293T cells tran-
siently transfected with plasmids encoding RARa and Flag-
tagged GATA-2 or GATA-2 and Flag-tagged RAR« (Fig. 2A
and B). The results of these experiments showed that RAR«
coimmunoprecipitated with GATA-2, further suggesting that
GATA-2 and RARa could form a complex in vivo. The
interaction of GATA-2 with RARa was not affected by the
treatment with RA (Fig. 2A and B). Given that RXR is a
well-established dimerization partner of RARs (5), we exam-
ined whether the GATA-2-RAR«a complex also contains the
RXRa protein. The results of coimmunoprecipitation experi-
ments showed that RXRa coprecipitated with GATA-2 (Fig.
2C), but at much lower levels than RARa.

We next asked whether endogenous GATA-2 and RAR«
associate with each other in human immature myeloid KG1
cells. Nuclear extracts of KG1 cells were immunoprecipitated
with anti-GATA-2 antibody, and the immunoprecipitated ma-
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FIG. 1. Mammalian one- and two-hybrid analyses of GATA-2-
RARa interaction. (A) Two-hybrid analysis conducted by transient
transfection of 293T cells with the constructs indicated. The GAL4-
GATA-2 fusion encompasses the entire human GATA-2 coding region
save the last amino acid, which was mutagenized to facilitate subclon-
ing into the pBIND expression vector (Promega). Similarly, the VP19-
RARGa fusion cloned into pACT (Promega) contains the entire RAR«
coding region. The relative activity of the pGLS5 reporter plasmid (Pro-
mega) is plotted on the x axis. (B) One-hybrid analysis conducted with
293T cells and the constructs indicated by methods similar to those
described above. Solid bars represent relative luciferase activities from
the reporter designated CD34x2/Luc., which contains two copies of a
double GATA site identified in the mouse CD34 promoter. Open bars
represent activity from a version of this reporter in which these GATA
sites have been mutated to abolish GATA binding.

terials were analyzed by Western blotting with antibodies
against GATA-2, RAR«a, and the RAR«a dimerization partner
RXRa (Fig. 2D). Endogenous RARa readily coprecipitated
with GATA-2. RXRa also coprecipitated with GATA-2, but to
a much lesser extent than RARa, suggesting a much lower
affinity for GATA-2.

To delineate regions of interaction between GATA-2 and
RARGa, various parts of GATA-2 were expressed in bacteria as
fusions to GST and the purified proteins were tested in vitro
for interaction with FLAG-tagged RARa expressed in 293T
cells (Fig. 3A). The results showed that the zinc finger domain
of GATA-2 bound to RARa, with either the N or the C finger
alone being sufficient for interaction. This interaction was spe-
cific to the zinc finger region, as the amino-terminal portion of
GATA-2 (amino acids 1 to 193) did not bind RARa. Recip-
rocal experiments were conducted with GST fusion proteins
encompassing various parts of RAR« and Flag-tagged GATA-
2 expressed in 293T cells (Fig. 3B). The DNA-binding domain
of RARa was found to be responsible for the interaction with
GATA-2. Neither the most N-terminal portion (designated
A/B) nor the ligand-binding domain had affinity for GATA-2.
Taken together, these results suggest that the zinc finger do-
main of GATA-2 and the DNA-binding domain of RAR« are
the regions that mediate the association between the two pro-
teins.

GATA-2 recruits RAR« to its DNA target sites. Given the
association of GATA-2 with RARa, we next further explored
the issue of recruitment of RARa by GATA-2 to a GATA
binding motif in DNA (Fig. 4). Nuclear extracts of 293T cells
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FIG. 2. Coimmunoprecipitation analysis of GATA-2-RAR« inter-
action. (A) 293T cells were transfected with expression plasmids en-
coding the indicated proteins and treated with 1 uM RA [RA(+)]
or diluent alone [RA(—)] 24 h after transfection. Cell lysates were
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programmed with expression plasmids for RARa and FLAG-
tagged GATA-2 were incubated with biotinylated annealed
oligonucleotides containing GATA binding sites. The biotin-
ylated probes and the bound protein complexes were then
captured by incubation with streptavidin-conjugated agarose
beads. The results of this analysis showed that both GATA-2
and RARa were captured by the wild-type probe but not by the
equivalent probe in which the GATA binding motif had been
mutated (Fig. 4A). Since in the absence of GATA-2, RAR«
did not bind to the GATA probe, we concluded that the asso-
ciation of RARa with GATA motifs is mediated through in-
teraction with GATA-2. Consistent with the immunoprecipi-
tation results, only a small amount of RXRa was recruited to
GATA motifs (Fig. 4B). As predicted by the data derived from
transfection experiments, endogenous GATA-2 and RARa
were pulled down together from KG-1 cells by the biotinylated
GATA oligonucleotide DNAs (Fig. 4C). As expected, RXRa
was not readily detected in the precipitated materials and the
mutant GATA probe retained neither RARa nor RXRa (Fig.
4C). These results, which were consistent with the data derived
from one-hybrid assays (Fig. 1), suggest that in hematopoietic
cells GATA-2 can recruit RAR« to its binding motifs in DNA.

RXRa inhibits recruitment of RARa to GATA-2-GATA
DNA motif complex. Given that some RXRa was coimmuno-
precipitated with GATA-2, we next sought to determine
whether the recruitment of RXRa to a GATA-2-DNA bind-
ing motif is due to the formation of a RXRa—GATA-2 com-
plex or interaction of RXRa with RARa bound to GATA-2.
To test these possibilities, we examined proteins copurified
with the biotinylated GATA probe in combination with
streptavidin-agarose beads (Fig. 5). After transfection of 293T
cells with expression plasmids for either Flag-tagged GATA-2,
RARa, or RXRa, the respective nuclear extracts were then
mixed to obtain the combination of the desired proteins. A
nuclear extract of 293T cells transfected with empty plasmid
was used to make the total amount of the proteins in each
mixture the same. This approach, in contrast to cotransfection
of three expression plasmids, allows strict control of the pro-
tein levels used in a given experiment. When Flag-tagged
GATA-2 and either RARa or RXRa were mixed, RAR«a or
RXRa was copurified with Flag-GATA-2 bound to the GATA
probe (Fig. 5, lanes 2 and 4). Consistent with results shown in

prepared 24 h later, immunoprecipitated (IP) with anti-Flag antibody,
and analyzed by Western blotting with anti-RAR« (top) or anti-Flag
(bottom) antibodies. Input (10%) nuclear extracts were analyzed as
controls for the level of protein expression. Note that under these
conditions GATA-2 binds RARa, irrespective of RA treatment.
(B) Lysates of 293T cells transfected with the indicated expression
plasmids were immunoprecipitated with anti-Flag antibody and ana-
lyzed by anti-GATA-2 (top) or anti-Flag (bottom) antibodies. (C) Cell
lysates of 293T cells transfected with the expression plasmids for the
indicated proteins were immunoprecipitated with anti-Flag antibody as
described above. The precipitated proteins were analyzed by Western
blotting with the indicated antibodies. Note that RXRa only weakly
binds GATA-2. (D) Nuclear extracts of human myeloid KG1 cells were
immunoprecipitated with anti-GATA-2 antibody. The precipitated
materials were then analyzed by Western blotting with antibodies
against GATA-2, RAR«, and RXRa. Mouse IgG was used as a con-
trol. Input (10%) materials were used as controls. Molecular size
markers are indicated on the right.
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FIG. 3. GATA-2 and RAR« interact through their zinc finger re-
gions. (A) GST fusion proteins containing the indicated portions of
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Fig. 4B, the amount of copurified RXRa (lane 4) was less than
that of RARa (lane 2). After addition of RARa with RXRa
and GATA-2, the amount of RXRa copurified with GATA-2
decreased, albeit slightly (lane 6; compare lanes 4 and 6),
suggesting that the recruitment of RXRa to the GATA-2-
DNA complex is not due to the interaction of RXRa with
RARa. It is noteworthy that when GATA-2 and RXRa are
added with RAR«, the amount of RARa bound to the GATA-
2-DNA complex also decreased (lane 6) relative to that in
experiments conducted in the absence of RXRa (lane 2).
These results suggest that RXRa, which has a much lower
affinity for GATA-2 than RARa«, competes with GATA-2 for
interaction with the RARa protein. Since RARa has a higher
affinity for RXRa than GATA-2 (as revealed by mammalian
two-hybrid assays [data not shown]), RARa may preferentially
complex with RXRa rather than GATA-2. Given that cellular
levels of RXR may be limiting (68), free RARa can be re-
cruited to a GATA-2-DNA complex. One prediction that
might emanate from these results is that signaling factors that
increase RXRa expression would decrease levels of RARa
associated with GATA-2.

Interaction of GATA-2 with RAR« renders its activity RA
regulated. To examine effects of RAR«a on the transactivation
activity of GATA-2, 293T cells were transfected with a lucif-
erase reporter plasmid harboring GATA motifs from the
mouse GATA-1 promoter (designated GATA-1-Luc.), or
two GATA sites derived from the mouse CD34 promoter
(CD34x2/Luc.), together with expression vectors for GATA-2
and RARa (Fig. 6A and B). In the absence of RA, GATA-2
alone induced luciferase activity to approximately 1.8-fold
above the basal level and RA treatment increased the activity
to ~2.3-fold. This increase is likely to be due to the presence
of endogenous RARa in 293T cells. RA treatment in the
presence of cotransfected RAR« increased this GATA-2 ac-
tivity to ~4.2-fold. Consistent with these results, an RAR«
mutant (RAR«403) that retains the DNA-binding domain but
lacks C-terminal activation function 2 (58-60) failed to activate
GATA-2 transcriptional activity in the presence of RA; this
was observed in the context of both of the reporters used (Fig.
6A and B). A decrease in reporter activity in the presence of
RARa403 is likely due to ligand-insensitive recruitment of
corepressor complexes by the mutated receptor (11) to GATA
binding sites. It is noteworthy that hematopoietic progenitors
engineered to express RARa403 are defective in myeloid dif-
ferentiation programs (58, 59).

To test effects of RXRa on RARa-dependent GATA-2 ac-

GATA-2 were tested for the ability to bind Flag-tagged RAR« present
in 293T cell nuclear extract programmed with Flag-RAR« expression
plasmids. The first and last amino acids of the GATA-2 region present
in the various GST fusions are indicated, and the abilities of the
proteins to bind RAR«a are summarized schematically (top panel).
Western blotting analysis of the pulldown materials with anti-Flag
antibody is shown on the right (top), and Coomassie brilliant blue
(CBB) staining is presented at the bottom to allow assessment of the
quality and quantity of the various GST-GATA-2 proteins used. The
values on the left indicate the positions of molecular size markers.
(B) Reciprocal pulldown analyses in which various GST-RAR« fusion
proteins were analyzed for the ability to bind Flag-tagged GATA-2.
BD, binding domain.
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FIG. 4. RARa can be recruited to GATA motifs in DNA through
interaction with GATA-2. 293T cells were transfected with the expres-
sion plasmids encoding RARa (A) or RXRa (B) and Flag-tagged
GATA-2 as indicated. Nuclear extracts of the cells were then prepared
and incubated with biotinylated oligonucleotides harboring GATA
motifs (wild-type [wt] GATA oligonucleotides) or biotinylated mutant
oligonucleotides in which GATA motifs were changed to TTTA (mu-
tant [mt] GATA oligonucleotides). The oligonucleotides were then
recovered by streptavidin-agarose beads, and the copurified proteins
were analyzed by Western blotting with anti-RARa or anti-RXRa
(top) and anti-Flag (bottom) antibodies. Input (10% input) was used
as a control. (C) Nuclear extracts of human myeloid KG-1 cells were
incubated with biotinylated oligonucleotides harboring GATA motifs
and pulled down with streptavidin-agarose beads. The pulled-down
materials were analyzed by Western blotting with antibodies against
GATA-2, RARaq, and RXRa.
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FIG. 5. RXRa inhibits recruitment of RARa to GATA-2-GATA
motif DNA complex. 293T cells were transfected with an expression
plasmid for either Flag-tagged GATA-2, RAR«, or RXRa, separately.
The resultant nuclear extracts were then mixed as indicated. Nuclear
extract of the cells transfected with an empty vector was used to make
the total amounts of nuclear proteins equal. The nuclear extracts
containing the indicated proteins were then incubated with biotinyl-
ated oligonucleotides harboring GATA motifs (wild-type [wt] GATA),
and the nucleotides were captured by streptavidin-agarose beads. The
resultant copurified proteins were analyzed by Western blotting with
anti-Flag, anti-RAR«, and anti-RXRa antibodies. Nuclear extracts
prior to mixing were analyzed as controls for appropriate expression of
the proteins used (input; 10%). Biotinylated oligonucleotides in which
GATA core recognition motifs were mutated to TTTA (mutant [mt]
GATA) were used as controls.

tivity, 293T cells were transiently transfected with expression
vectors for GATA-2, RARa, and RXRa and a luciferase re-
porter containing GATA binding sites from the GATA-1 pro-
moter (Fig. 6C). When RAR« was coexpressed with GATA-2,
GATA-2 activity was potentiated by RA treatment, consistent
with the results shown in Fig. 6A and B. In contrast, RXRa
had little effect on GATA-2 activity in the presence of RA.
Consistent with the interaction data, RXRa« inhibited stimula-
tion of GATA-2 activity in the presence of RARa and RA.
Taken together, these results suggest that RXRa sequesters
RARa from the GATA-2 complex, resulting in a reduced
amount of RARa being recruited to the GATA-2-DNA com-
plex.

These results raise the possibility that endogenous GATA-
2-regulated genes may themselves exhibit RA responsiveness.
Investigating this issue is complicated by the fact that bona fide
GATA-2 target genes have not been identified. Also in vivo
one might expect RA responsiveness to be critically dependent
on the particular cell context in question and may or may not
be a direct, rate-limiting, or assayable activity for any given
gene and cell pair. Nevertheless, we examined whether the
activity of the endogenous GATA-1 gene might be modulated
by addition of RA with the human erythroleukemia progenitor



6830 TSUZUKI ET AL. MoL. CELL. BIOL.

A B 2 C D 822
% <
5] m |
§8 ¢ o $3888¢%
@ P
8 : it ALY GATAT = J
25 3z = .
85 % ¢ ; GATA2 [=N
> é o 8 5 n:b —
CaRA -) 5 > p2M
5 SIRA() X
5 mmRA (+) 2
4 . RA () 4 o gy B
3 g ¢ g ¢ HEL
3
2 GATA2 (+) ) GATA2 (+) § ¢ 8 @ E g o
o 53 o @
g 1 1 2 DIRA () ﬁ%g;(?’g
50 0 mmRA (+) S8y =
£ GATA-1/Luc. 2 CD34x2/Luc. 6
- 3
C : . cataz cos« [N
2
3 ° GATA-MLuc.  GATA2 ENE| wo o [0S
0
mut oy 2
olnd i FDCPmix Ad

0

FIG. 6. RARa renders GATA-2-dependent reporter activity RA responsive. 293T cells were transfected with a luciferase reporter plasmid
containing a double GATA motif in the mouse GATA-1 promoter (designated GATA-1/Luc.; 0.5 pg) (A and C) or the reporter containing two
copies of double GATA sites in the mouse CD34 promoter (designated CD34x2/Luc.; 0.5 pg) (B), together with expression plasmids for GATA-2
(GATA-2/pMT2, 100 ng) and RARa (0.5 pg), a C-terminally truncated form of RARa (RARa 403; 0.5 pg), RXRa (0.5 pg), or an empty vector
(0.5 ng). Cells were then treated with RA (1 nM; solid bar) or diluent alone (open bar) 24 h after transfection, and the luciferase activities were
measured another 24 h later. Luciferase activities are standardized against Renilla luciferase activity from cotransfected control reporter (pRL-
CMV-Renilla luciferase) and expressed as fold increases over the activity of the reporter alone. The mutant reporters in which core recognition
sites were changed from GATA to TTTA (mutant GATA-1/Luc. and mutant CD34x2/Luc.) were used as controls. Data are shown as means *
standard deviations of triplicate samples. (D) Expression of the endogenous GATAL1 locus was measured by semiquantitative RT-PCR in HEL
cells after 24 h of incubation with RA (107¢ M) and compared with that in untreated control samples. Analysis of GATA-2 expression is also
shown, and parallel analysis of B2-microglobulin provided a control for normalization of RNA levels. NTC; no-template control. (E) Expression
of endogenous CD34 and GATA-1 was measured in FDCPmix A4 cells by semiquantitative RT-PCR after 48 h of incubation with Epo (1 U/ml),
RA (10~ M), Epo plus RA, or the RAR« antagonist Ro 41-5253 (10 M) and compared with that in an untreated control sample. Analysis of
GATA-2 expression is also shown, and parallel analysis of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) provided a control for normal-

ization of RNA levels. ND, not done.

cell line HEL as a model; HEL cells have been shown to
express GATA-2 both as a transcript and as a DNA-binding
activity (29, 67), and this was confirmed in the present study by
RT-PCR. The results presented in Fig. 6D show a modest
increase in GATA-1 expression in the presence of RA; this was
paralleled by a decrease (0.6-fold) in GATA-1 expression in
the presence of an RA antagonist (data not shown). Similar
experiments were conducted with the murine progenitor cell
line model FDCPmix A4 (Fig. 6E); these cells self-renew in
IL-3 and exhibit myelomonocytic, as well as erythroid, differ-
entiation in response to appropriate cytokines. GATA-2 ex-
pression has previously been documented in this cell line (10,
20) and was confirmed in this study by RT-PCR (Fig. 6E). Note
the reduction in GATA-1 expression in cells that were treated
with RA but maintained in IL-3 to prevent differentiation. A
similar decrease in expression was noted for the CD34 gene.
Treatment with an RARa-specific antagonist (lane 41-5253)
resulted in the expected enhancement of expression of these
genes over the nontreated control levels. Also note that in the
presence of Epo, which in FDCPmix A4 cells induces erythroid
differentiation, RA treatment had no effect on CD34 and
GATA-1 expression. This is consistent with our previously
published results showing that Epo rapidly down regulates
expression of the RARa gene in these cells (68). These op-
posing effects on gene expression in the two different cell
models examined are consistent with the variable differentia-
tion and developmental stage-specific effects exhibited by RA

in hematopoiesis, reinforcing the critical role of the cell context
in determining the outcome of RA-mediated signaling (44, 45,
52). Taken together and within the constraints of the caveats
alluded to above, these data are suggestive of a role for RA
modulation of GATA-2-dependent target gene expression in
vivo. As has already been alluded to above, the extent to which
this may represent a direct or indirect effect remains unclear.

To further test the relevance of the interaction between
GATA-2 and RARa we sought to generate a mutant form of
GATA-2 that was unable to interact with RARa. We focused
on the finger regions since this was where we had mapped the
interaction by GST pulldown assay, as well as yeast and mam-
malian one- and two-hybrid assays. The nuclear magnetic res-
onance structure of the N finger of GATA-1 is available (27,
41) and predicts an exposed loop region in the vicinity of L.214
that may therefore be particularly available for intermolecular
interaction. Speculative mutations were made in the equivalent
region of both fingers of GATA-2 (both the N and C fingers
have the ability to interact with RARa). Mutant GATA-2
molecules were then tested for the ability to bind RARa.
Figure 7 shows results obtained with a GATA-2 mutant form
in which an LW pair has been mutated to AA at positions 301
and 302 and positions 355 and 356 in the N and C fingers,
respectively (Fig. 7A). This mutant form does not interact with
RAR@, as judged by coimmunoprecipitation assays (Fig. 7B).
This is unlikely to result from gross perturbation of the struc-
ture of the molecule since its ability to interact with Pu.l is
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FIG. 7. Analysis of a GATA-2 mutant that does not interact with
RARa. (A) Amino acid sequences of GATA-2 N and C finger regions
showing the positions of the mutagenized LW residues. (B) Coimmu-
noprecipitation analysis of mutant GATA-2 and RARa. 293T cells
were transfected with the expression plasmids indicated. Cell lysates
were prepared 24 h later, immunoprecipitated (IP) with anti-FLAG
antibody, and analyzed by Western blotting with anti-FLAG and anti-
GATA-2 antibodies. Input nuclear extracts were analyzed as a con-
trol for the levels of proteins expressed. (C) Coimmunoprecipita-
tion analysis of mutant GATA-2 and Pu.1. Experiments were carried
out essentially as described for panel B. (D) RA responsiveness of
mutant (mt) GATA-2 activity. 293T cells were transfected with a
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maintained (Fig. 7C). Similarly this mutant form of GATA-2 is
unaffected in its ability to bind GATA-1, PML, FOG, or pro-
myelocytic leukemia zinc finger (PLZF) (data not shown) al-
though it is noteworthy that its ability to interact with myb is
markedly reduced (data not shown). In contrast to wild-type
GATA-2, and consistent with its inability to bind RAR«, this
mutant form of GATA-2 fails to exhibit RARa-dependent RA
responsiveness in transactivation assays (Fig. 7D). To confirm
that this failure to transactivate was not due to a reduced
DNA-binding activity of the mutant GATA-2 molecule, we
performed EMSAs with wild-type and mutant GATA-2. 293T
cells were transfected with expression plasmids for Flag-tagged
wild-type or mutant GATA-2. Nuclear extracts were prepared
48 h after transfection and assayed by Western blotting with
anti-Flag antibody to confirm equivalent amounts of the re-
spective proteins (Fig. 8A). Double-stranded oligonucleotide
probes harboring either a wild-type GATA binding motif from
the CD34 enhancer or the same GATA motif mutated to
abolish GATA binding were radiolabeled and used in EMSAs
as previously described (63). The results of this analysis are
presented in Fig. 8B and indicate that the GATA-2 mutant,
which is unable to interact with RARe, retains its ability to
bind to GATA motifs in DNA. To further exclude the possi-
bility that this mutant molecule may bind GATA motifs with
less avidity than wild-type GATA-2, we conducted dissociation
assays. For these experiments a 100-fold excess of unlabeled
oligonucleotide probe was added to the binding reaction mix-
ture after an initial 20-min incubation period had elapsed.
Aliquots of the reaction mixture were sampled at subsequent
time points and loaded onto polyacrylamide gels (Fig. 8C). The
percentage of probe bound by GATA-2 was quantitated with
imageanalyser and plotted on a log scale versus time (Fig. 8D).
Results are also shown for a nonspecific binding activity that is
variably seen in 293T cell extracts. The results indicate similar
off rates for both wild-type and mutant GATA-2 molecules,
indicating that they possess similar DNA-binding activities.
Taken together these results suggest that GATA-2 activity can
be rendered RA responsive in the context of an RARa-—
GATA-2 complex.

GATA-2 is not a component of the RARa-RXRa-DNA com-
plex. In reciprocal experiments we also examined whether
GATA-2 could be recruited to RARa-RXRa complexes
bound to RAREs in DNA (Fig. 9). 293T cells were transfected
independently with either Flag-tagged GATA-2, RARa, RXRa,
or an empty vector. The nuclear extracts were then mixed as
before to obtain the combination of the desired proteins. The
resultant protein solutions were incubated with biotinylated
probes containing binding sites for the RAR-RXR hetero-
dimer (DRS and DR2) (33). The lysates were then incubated

GATA-dependent luciferase reporter plasmid, as well as the indicated
combinations of expression vectors for RARa and mutant and wild-
type (wt) GATA-2. Cells were then treated with RA (1 pM; solid bar)
or diluent alone (open bar) 24 h after transfection, and the luciferase
activities were measured another 24 h later. Luciferase activities are
standardized against Renilla luciferase activity from a cotransfected
control reporter (pPRL-CMV-Renilla luciferase) and expressed as fold
increases over the activity of the reporter alone. The data presented
represent two independent experiments, each of which was performed
in triplicate.
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FIG. 8. Comparison of wild-type (wt) and mutant GATA-2 DNA-binding activities. (A) Western blot analysis of 293T cell extracts programmed
by transient expression of Flag-tagged versions of wild-type GATA-2 and the mutant GATA-2 defective in the ability to interact with RARa.
(B) EMSA analysis with radiolabeled oligonucleotide probe harboring a GATA motif from the murine CD34 enhancer region. Note the presence
of a nonspecific DNA-binding activity that is variably seen in 293T cell nuclear extracts. (C) Dissociation assays with control 293T cell extracts or
extracts programmed by expression of wild-type or mutant GATA-2. Note the presence of a nonspecific DNA-binding activity. (D) Quantitative
analysis of the results presented in panel C. The percentage of probe bound by GATA-2 is plotted on a log scale versus time.

with streptavidin-agarose beads to capture the DNAs and the
copurified proteins were analyzed by Western blotting with
antibodies against RARa, RXRa, and the Flag epitope. Both
RARa and RXRa were captured by the wild-type probe but
not by mutant probes, indicating the specificity of the assay.
However, GATA-2 was not copurified with the RARa-RXRa-
RARE complexes. The amount of precipitated RARa or
RXRa was not affected by the coexpression of GATA-2 (com-
pare amounts of RARa and RXRa captured by DRS in the
presence of GATA-2 with those in the absence of GATA-2;
lanes 2 and 6). These results suggest that GATA-2 does not
bind to, nor have any effect on, RARa-RXRa complexes
bound to RARE motifs in DNA. These results are consistent
with data indicating that RXRa binds RARa more strongly
than GATA-2 and its endogenous levels of expression are
lower than those of RARa (68). In line with the interaction
data, RXRa inhibited stimulation of GATA-2 activity in the
presence of RARa and RA (Fig. 6C). Taken together, these
results suggest that RXRa sequesters RARa from the GATA-
2 complex, resulting in a reduced amount of RARa being
recruited to the GATA-2-DNA complex. These data further
implicate relative levels of GATA, RAR, and RXR as deter-
mining whether or not RA will stimulate GATA targets.
Functional cross talk between RA and GATA-2. We next
sought to gain some evidence for the functional relevance of a
GATA-2-RARa« interaction. Recently we have developed a
TET-regulated system that affords conditional expression of
GATA-2 in ES cells (26). An ES clone containing a TET-
responsive GATA-2 expression construct was cultured on an
OP9 stromal layer for 5 days in the presence of TET. The cells
were then trypsinized and reseeded onto OP9 cells in the
presence or absence of TET. Samples were collected over the
following four days (days 6, 7, 8, and 9) and analyzed for
GATA-2 expression by RT-PCR. The results of this analysis
are presented in Fig. 10A and show the robust increase in
GATA-2 expression that results from the withdrawal of TET.

In this ES differentiation system, induction of exogenous
GATA-2 expression by withdrawal of TET enhances the gen-
eration of immature, multipotent, definitive hematopoietic col-
onies when ES cells are plated on OP9 cell stroma under
hematopoiesis-supportive culture conditions (26). We tested
whether addition of RA might modulate the biological effects
of exogenous GATA-2 expression seen in this system. Repre-
sentative images of the hemopoietic colonies observed in our
experiments are shown in Fig. 10B, and a summary of the
number of colonies produced is shown in Fig. 10C. In the
absence of induction of exogenous GATA-2 expression (TET ™"
samples), addition of RA had no effect on the frequency of
hematopoietic colony formation (Fig. 10C) or the size of the
colonies produced (Fig. 10B). Induction of exogenous GATA-
2 activity (TET ") in the absence of RA resulted in the ex-
pected increase in the number of hematopoietic colonies (Fig.
10C). In addition, an increase in colony size was also observed
(Fig. 10B). This was accompanied by an increase in the number
of colonies that grew under the stromal layer with a cobble-
stone appearance. This phenomenon is known as pseudoem-
peripolesis and is thought to be an indicator of the relative
immaturity of the colonies (26); an example of one such colony
is indicated by the open arrowhead in Fig. 10B. Addition of
RA clearly inhibited the GATA-2-dependent enhancement of
both hematopoietic colony formation (Fig. 10C) and hemato-
poietic colony size (Fig. 10B); a reduction in the number of
colonies exhibiting pseudoemperipolesis was also observed
(not shown). Taken together these data provide evidence of
functional cross talk between these two pathways.

As an additional control we examined the effect of RA on
the activity of a GATA-2-ER chimera that exhibits an altered
activity to wild-type GATA-2 in this particular cell system;
GATA-2-ER inhibits hematopoietic colony formation, and
RA has no additional effect on the biological activity of this
molecule (Fig. 10D).
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FIG. 9. GATA-2 is not included in RARa-RXRa-DNA com-
plexes. 293T cells were transfected with an expression plasmid for
either RARa, RXRa, or Flag-tagged GATA-2, separately, and the
resultant nuclear extracts were mixed as indicated. Nuclear extract of
the cells transfected with the empty vector was used to make the total
amount of nuclear extracts the same. The mixtures of the nuclear
extracts were then incubated with biotinylated oligonucleotides har-
boring RARE of either the DRS (wild-type [wt] DRS; lanes 2 and 6)
or the DR2 (wt DR2; lane 4) type, and the nucleotides were captured
with streptavidin-agarose beads. The copurified proteins were then
analyzed by Western blotting with anti-RARa, anti-RXRa, and anti-
Flag antibodies. Nuclear extracts prior to mixing were analyzed as
controls for appropriate expression of the proteins used (10% input;
lane 1). Biotinylated oligonucleotides in which core recognition sites of
the RARa-RXRa complex were mutated from GGTTCA and AGT
TCA to GGTAGT and AGTAGT, respectively, were used as controls
(mutant [mt] DRS and DR2, lanes 3 and 5). Note that in no combi-
nation was GATA-2 copurified with RARa-RXRa-RARE complexes.
The amounts of RAR« and RXRa bound to DRS are similar whether
or not GATA-2 is included (lanes 2 and 6).

DISCUSSION

In this report, we have presented evidence of functional
cross talk between GATA-2 and RAR« in hematopoietic cells.
RAR« is known to associate with RXR, and this interaction is
required for the resulting complex to bind an RARE and
activate transcription in response to RA. Our data suggest that
RARa also has the ability to associate with GATA-2, thus
allowing RA to regulate transcription from GATA binding
motifs in DNA. This interaction and recruitment of RARa to
GATA-2 binding sites is RXR independent. Our data also
suggest that RXR competes with GATA-2 for RARa and
attenuates the effects of RA on GATA-2 activity. Since
GATA-2 expression does not affect RARa-RXRa interaction
and its binding to RARE, it is not likely that GATA-2 inter-
feres with authentic RARE-driven genes. Finally, we showed

REGULATION OF GATA-2 ACTIVITY BY ALL-TRANS-RETINOIC ACID 6833

A +TET  -TET
Time 5’57 8967 809

(days)

GAPDH

TET+, RA-

TET+, RA+

TET~ RA-

TET-, RA+

O

TET- GATA-2 b

GATA-2/ER

D7 calony number
§ B B 8
D7 colony number

]

Hm

Est- RA- Est- RA+ Est+ RA- Est+ RA+

1
"
"
0|
H . I i
ol ]
TET+ RA-TET+ RA+ TET- RA- TET- RA+

FIG. 10. RA modulates the frequency of GATA-2-dependent he-
matopoietic colony formation by ES cells. (A) RT-PCR analysis of
GATA-2 expression in an ES cell clone containing a TET-regulatable
GATA-2 expression vector. The first lane (day 5) is from an ES culture
grown for 5 days on OP9 stroma in the presence of added TET. The
remaining lanes are samples taken at further 1-day intervals (days 6 to
9) after the initial day 5 culture had been trypsinized and reseeded
onto OPY stroma in the presence or absence of TET. (B and C) When
grown on OP9 stroma, ES cells give rise to immature, definitive,
multipotent, hematopoietic progenitors which begin to emerge at day
5 of culture. The effects of (i) induction of exogenous GATA-2 ex-
pression, (ii) addition of RA, and (iii) both were assessed at this time
point by withdrawal of TET and/or addition of 1 uM RA or control
diluent. Colonies were examined 2 days later (day 7). Photomicro-
graphs of representative colonies are shown in panel B, and the ar-
rowhead indicates a colony that has undergone pseudoemperipolesis.
A summary of the number of colonies produced is presented in panel
C; the results presented represent the average of six cultures analyzed.
Panel D shows colony frequency data obtained in a similar series of
experiments (n = 6) conducted with an ES cell line expressing a
GATA-2-ER chimera. In this case the activity of the exogenous
GATA-2-ER was regulated by addition of 1 M B-estradiol.
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that RA influences the GATA-2-dependent emergence of he-
matopoietic colonies from ES cells.

Potentiation of GATA-2 activity through interaction with
RARa. The level of stimulation of GATA-2 activity by RA
seen in these experiments is worthy of comment. Although
only in the range of two- to threefold, it should be noted that
GATA-2 itself is not a particularly potent transactivator (less
than twofold) in these assays. Furthermore, relatively small
changes in transcription factor level, and presumably therefore
activity, have been demonstrated to have significant effects on
cell fate (40). Haploinsufficiency of transcription factors such
as AML-1 provides support for this notion (50, 51), and data
from our own laboratory suggest that this may extend to
GATA-2 (46; S. Delassus, K. Gale, and T. Enver, unpublished
data).

On the basis of published studies demonstrating the binding
of SCL-GATA complexes to bipartite E-box-GATA motifs
(64), one possibility we have considered is that a GATA-2—
RARa complex may be recruited to a subset of GATA-2 target
genes that contain bipartite GATA-RARE motifs. However, in
an extensive series of in vitro experiments with a range of
oligomers containing variations of such motifs we have failed
to find evidence for such a scenario (S. Tsuzuki and T. Enver,
unpublished data). While these experiments do not conclu-
sively exclude the existence or importance in vivo of such
bipartite motifs, the ability of GATA-2 to recruit RARa to
lone GATA motifs suggests that GATA-2-RARa complexes
can function on single GATA sites.

The interaction region between GATA-2 and RAR«a has
been mapped to structurally related cysteine-rich zinc finger
regions. Importantly, specific point mutations made within the
fingers of GATA-2 eliminate its ability to interact with RARa.
The zinc fingers of the GATA factors, in addition to their roles
in DNA binding, have also been implicated in protein-protein
interaction. GATA factors have been shown to associate with
other regulatory proteins (like Spl, Lmo2, CBP, other GATA
factors, and PML) by virtue of the C4C4 zinc fingers (4).
Interactions between the N- and C-terminal fingers of GATA-
1 have been postulated to modulate both DNA binding and
transactivation (56). Since the zinc finger region has been evo-
lutionarily conserved through the GATA family, it is not sur-
prising that other members of GATA family, GATA-1 and
GATA-3, also have the potential to bind RARa (Tsuzuki and
Enver, unpublished data).

Potential effects on normal and leukemia transcriptional
networks. In prior studies we have demonstrated that GATA-2
could interact with the leukemia-associated proteins PML (63)
and PLZF (62), as well as the PLZF homologous protein
FAZF-ROG-TZFP (62), which has also been shown to interact
with GATA-3 (35). In the case of PML, interaction is mediated
by the zinc fingers of GATA-2 and the B-box region of PML.
The GATA-2 zinc finger region is also involved in its interac-
tion with the POZ and zinc finger domains of PLZF (62).
Intriguingly, GATA-2 also interacts with t(15;17)- and t(11;
17)-generated chimeric versions of PML (PML-RAR«) and
PLZF (PLZF-RARa) that include most of the native RAR
molecule in the respective fusion proteins (62, 63). Our present
results demonstrating that RAR in its native form can interact
with GATA-2 expand the network of interactions that may be
disrupted in t(15;17)- and t(11;17)-associated APL and add
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impetus to experiments aimed at identifying the spectrum of
GATA-2 target genes normally regulated by RA in myeloid
progenitor cells and potentially dysregulated in acute promy-
elocytic leukemia.

Since GATA-2 is the predominant GATA factor expressed
in early myeloid cells, the role of RARa in myeloid differen-
tiation may be functionally linked with GATA-2. Dominant
negative forms of RARa (58, 60) and APL-associated RAR
fusion oncoproteins have been shown to block myeloid differ-
entiation at the promyelocytic stage (3, 7, 17-19). Consistent
with these findings, antagonists of RAR« inhibit (34) myelo-
poiesis while agonists of RARa stimulate myelopoiesis (6),
suggesting that target genes regulated by RA are important for
myeloid differentiation. Recent work from our own laborato-
ries demonstrated that RA inhibits erythroid differentiation of
multipotent progenitors (68); the extent to which these effects
are mediated by GATA-2 or GATA-1, for that matter, are not
understood. Unfortunately, bona fide target genes of GATA-2
in hematopoietic cells remain unidentified, but our results pre-
dict that some of the genes regulated by RA may overlap some
of those regulated by GATA-2 as alluded to above. The tran-
sient transfection systems used in this report made use of
isolated GATA motifs derived from the GATA-1 and CD34
promoters. However, analysis of the endogenous GATA-1 and
CD34 loci in HEL and FDCPmix A4 cells revealed that their
expression was indeed modulated by RA. Interestingly, differ-
ent results were obtained with the two cell lines studied, em-
phasizing the critical importance of cell context in determining
the output of RA signaling. In the same vein, our data predict
that relative levels of GATA-2, RARa, and RXR will influence
whether RA will result in activation of GATA-2 target genes as
RXR has an inhibitory effect on RA-dependent GATA-2
potentiation by competing for RARa. An analysis of gene
expression changes in RA-stimulated NB4 cells with a combi-
nation of cDNA microarray, suppression subtractive hybridiza-
tion, and differential display PCR approaches has provided a
number of candidate genes whose expression may be modu-
lated by RA (31). Information regarding the cis-regulatory
elements of these genes is quite limited, but a preliminary
investigation has revealed that in many cases there is an abun-
dance of GATA sites in the absence of any obvious RAREs (A.
Zelent, unpublished data). Such genes are clearly candidates
for GATA-dependent RA regulation, but considerable further
work is required to confirm this possibility.

Biological effects of RA-GATA-2 cross talk in ES-derived
hematopoietic development. In terms of the biological effects
of RA-potentiated GATA-2 activity, the nature of the output
may vary according to cell type and differentiation stage, as
well as which GATA factor or GATA factor combination pre-
dominates. This is additionally complicated by the fact that RA
itself exhibits different activities at different stages of hemato-
poiesis. A clear example of this is provided by the work of
Collins and colleagues, who demonstrated that RA promoted
colony formation by primitive progenitors and delayed their
differentiation but enhanced the differentiation of committed
myeloid progenitors (44); more recently these workers have
extended these studies to show that RA also enhances long-
term repopulating activity (45). In the ES cell system we have
studied in this report, conditional activation of GATA-2 leads
to an increase in the production of hematopoietic colonies.
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Addition of RA inhibited this GATA-2-dependent effect. The
simplest view consistent with current thoughts on the mecha-
nisms underlying RAR action is that the association of GATA
with RAR in the presence of ligand would be predicted to
result in potentiation of GATA-2 activity. How this would
result in inhibition of GATA-2-dependent colony formation is
unclear, but one possibility is that expression of GATA-2 in the
absence of RA may increase colony formation through repres-
sion of gene targets, with subsequent potentiation of GATA-2
activity by RA leading to derepression. In any event our results
suggest that a combination of GATA-2 and RA produces a
biological readout in this system that is similar to that achieved
by expression of a GATA-2-ER chimera. This may in part
reflect similarities in the ER and RAR moieties and suggests
that a GATA-2-ER chimera may mimic the effect of a normal
GATA-2-RARa complex. The comparison of RA effects seen
in ES-derived hematopoiesis with those previously observed in
primitive hemopoietic cells derived from adult bone marrow is
intriguing. The generation of hematopoietic stem cells during
ontogeny is, as a process, quite distinct from stem cell ho-
meostasis in adulthood, and the roles of hematopoiesis-affili-
ated transcription factors in these two different processes may
also be quite distinct (14). These caveats aside, our data pro-
vide evidence for functional cross talk between GATA and RA
pathways. However, the extent to which the functional effects
seen in ES cells mechanistically arise from direct interaction of
GATA-2 and RARa remains an open question.

Signal-dependent regulation of GATA activity. Perhaps sur-
prisingly, given the importance of the GATA factor family,
little is known about the signals that might impinge on its
activity. We have previously demonstrated that the posttrans-
lational modification of both GATA-2 and GATA-1 by phos-
phorylation is regulated by growth factor signaling in a mito-
gen-activated protein kinase (MAPK)-dependent manner (53,
54). The fact that GATA factors are known to be acetylated
raises the possibility that these modifications could be similarly
regulated (1, 22). Our present results demonstrating RA-de-
pendent potentiation of GATA-2-RARa complexes provide a
novel mechanism by which GATA activity could be rendered
signal dependent. Furthermore, given that RA can stimulate
MAPK signaling (16) and GATA proteins can be phosphory-
lated by MAPKSs, the possibility exists that some of the effects
we have observed in these studies may be mediated through a
MAPK-dependent pathway.

Also interesting in this regard are the results of Trainor and
colleagues (55), who identified a negatively acting hormone
response-like element regulating element located in the first
intron of the chicken GATA-1 gene (55). This negatively act-
ing hormone response-like element binds a heterodimer of
thyroid hormone receptor a and the chicken upstream pro-
moter transcription factor. The inhibiting action of this com-
plex can be overcome by GATA-1 itself or by v-erbA.

GATA factors and retinoid receptors represent families with
important developmental functions and highly conserved zinc
finger domains. The existence of a number of differentially
expressed and functionally distinct GATA factors and RARs
suggests that cross talk between GATA and RA signaling may
not be restricted to hematopoiesis. Indeed, it has recently been
shown that RXRa represses GATA-4-mediated transcription
in cardiomyocytes (8).
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