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We observed that binding sites for the ubiquitously expressed transcription factor CP2 were present in
regulatory regions of multiple erythroid genes. In these regions, the CP2 binding site was adjacent to a site for
the erythroid factor GATA-1. Using three such regulatory regions (from genes encoding the transcription
factors GATA-1, EKLF, and p45 NF-E2), we demonstrated the functional importance of the adjacent CP2/
GATA-1 sites. In particular, CP2 binds to the GATA-1 HS2 enhancer, generating a ternary complex with
GATA-1 and DNA. Mutations in the CP2 consensus greatly impaired HS2 activity in transient transfection
assays with K562 cells. Similar results were obtained by transfection of EKLF and p45 NF-E2 mutant
constructs. Chromatin immunoprecipitation with K562 cells showed that CP2 binds in vivo to all three
regulatory elements and that both GATA-1 and CP2 were present on the same GATA-1 and EKLF regulatory
elements. Adjacent CP2/GATA-1 sites may represent a novel module for erythroid expression of a number of
genes. Additionally, coimmunoprecipitation and glutathione S-transferase pull-down experiments demon-
strated a physical interaction between GATA-1 and CP2. This may contribute to the functional cooperation
between these factors and provide an explanation for the important role of ubiquitous CP2 in the regulation

of erythroid genes.

Transcriptional regulation is a key step in the commitment
and differentiation of hemopoietic cells. This process is achieved
by a network of interacting lineage-specific transcription factors
acting in conjunction with more-general transcription factors.
GATA-1 is a zinc finger transcription factor expressed within the
hemopoietic system, in the erythroid and megakaryocytic lin-
eages, and in mast cells and eosinophils. Knockout studies re-
vealed that GATA-1 is required for the normal maturation of
erythroid and megakaryocytic cells. Consistent with this, func-
tional GATA-1 elements are known to regulate the expression of
virtually all erythroid and megakaryocytic genes studied, including
transcription factors such as EKLF and p45 NF-E2, which in turn
regulate important aspects of the specification of these lineages.
The transcriptional activity of GATA-1 is modulated by a com-
plex network of directly interacting proteins, including FOG1,
LMO-2, EKLF, p300, and Pul; depending on the partner and on
the cellular context, the outcome of these interactions can be
synergism or cross-antagonism (5, 11, 32).

CP2 is a ubiquitously expressed transcription factor belong-
ing to the Drosophila grainyhead-like gene family. CP2 consists
of homo/heterodimers of several protein isoforms produced by
alternative splicing, from two different genomic loci, LBP-1c
and LBP-1a (the human homologs of mouse CP2c and CP2a).
CP2 binds as a dimer to a CNRG (N5-6)CNRG DNA motif,
present in diverse cellular and viral promoters (23, 48, 50).
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CP2c was originally identified by its ability to stimulate the
transcription of the a-globin gene (19); it appears to be in-
volved in the fetal erythroid expression of the y-globin gene
through the formation of a heterodimer with the erythroid
transcription partner NF-E4 (the stage selector protein) (14,
51). Indeed, in transgenic experiments, the mutation of the
stage selector protein binding site on the y-globin promoter
(the stage selector element [SSE]) shows that this region af-
fects the y- versus B-globin ratio of expression in early stages of
fetal development (34). Moreover, overexpression of antisense
CP2 mRNA in MEL cells undergoing erythroid differentiation
in vitro not only suppresses a-globin expression but also im-
pairs B-globin expression and hemoglobinization (8), suggest-
ing that CP2 binding to the promoter is essential for optimal
globin transcription in erythroid cells (7).

The transcriptional regulation of GATA-1 is coordinated by
several regulatory elements located both 5’ to the transcrip-
tional start site and in the first intron (25, 29, 30, 35, 39, 45).
The region upstream of the erythroid promoter, also reported
as hypersensitivity site 2 (HS2), contains a double GATA motif
shown to be essential for the erythroid promoter activity (28,
42, 44). This sequence, foot printed in vivo in erythroid cells,
represents a strong double GATA-1 binding site, which has
been proposed to mediate autoregulation by GATA-1 itself.
Mice harboring a 21-base-pair deletion in this motif in the
endogenous GATA-1 locus (49) show a lack of eosinophil
production, while platelets and mast cells appear normal.
Erythropoiesis is also abnormal in these animals, which display
a reduction in red cell number, hematocrit, and hemoglobin.

The common role of GATA-1 and CP2 in regulating ery-
throid genes suggested the possibility that this could be occur-
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ring cooperatively. Here, we show that this is true for GATA-1
gene transcription, in which the two factors act through adja-
cent binding sites present on the HS2 erythroid enhancer ele-
ment. We show that CP2 binds to HS2, creating a ternary
complex with GATA-1 and DNA, and that mutations in the
CP2 consensus greatly impair HS2 activity in transient trans-
fection assays with K562 cells. Adjacent GATA-1 and CP2
binding sites are also present in regulatory elements of sev-
eral other genes expressed in the hematopoietic lineage.
Among them, we show that a CP2 binding site adjacent to
functionally relevant GATA-1 sites is important for the ac-
tivities of the p45NF-E2 and EKLF promoters. Chromatin
immunoprecipitation (ChIP) experiments reveal that CP2 is
bound in vivo to the regulatory elements of the GATA-1,
EKLF, and p45 NF-E2 genes and that at least for the first
two genes, it is bound simultaneously to GATA-1. Finally,
GATA-1 and CP2 can physically interact, even in the absence of
DNA, as demonstrated by immunoprecipitation and glutathione
S-transferase (GST) pull-down experiments. Taken together,
these data suggest that adjacent GATA-1 and CP2 sites contrib-
ute to the regulation of the GATA-1, p45 NF-E2, and EKLF
genes.

MATERIALS AND METHODS

Electrophoretic mobility shift assay (EMSA). *?P-labeled DNA probes were
incubated for binding with 1 to 4 pg of nuclear extracts for 20 min at 15°C in a
buffer containing 5% glycerol, 50 mM NaCl, 20 mM Tris, pH 7.9, 0.5 mM EDTA,
5 mM MgCl, 1 mM dithiothreitol (DTT), 100 ng/pl poly(dI-dC), and 50 ng/pl
bovine serum albumin (BSA) in a 15-pl final reaction mixture. The reaction
mixture was then loaded onto a 5% polyacrylamide gel (29:1, acrylamide/bisacryl-
amide ratio) and run at 4°C at 150 V for 3 h. Nuclear extracts were prepared
according to standard protocols (21, 38).

Competition experiments were performed by incubating 50 to 100 ng of un-
labeled oligonucleotides in the reaction mixture for 10 min, prior to the addition
of #P-labeled probes. The anti-CP2 and the anti-NF-E4 antibodies are described
in references 14 and 51; the anti GATA-1 antibody N6 was obtained from Santa
Cruz. The experiments with bacterial recombinant proteins (see below) were
performed using 2 ng/pl of poly(dI-dC); EMSAs with proteins produced by in
vitro coupled transcription-translation reactions (TNT kit; Promega) were car-
ried out in the presence of 25 ng/pl of poly(dI-dC).

GATA-1 and EKLF probes were made by PCR using either the forward (FW)
or the reverse (REV) 3?P end-labeled primer (see below for sequences). All
other probes used in this work were generated by labeling the “sense” strand
oligonucleotide with 3P and T4 polynucleotide kinase and annealing it with the
complementary oligonucleotide; in this case, only the sequence corresponding to
the sense strand is reported below. Labeled probes were purified by polyacryl-
amide gel electrophoresis.

Primers used for probes generated by PCR (mutations are underlined) were as
follows: GATA-1 WT FW, 5-CGAGTCCATCTGATAAGACTTATC-3'; GATA-1
GATAmut5' FW, 5-CGAGTCCATCGTCTAAGACTTATC-3"; GATA-1 GATA
mut3’ FW, 5'-CGAGTCCATCTGATAAGACTTACA-3'; GATA-1 REV, 5'-ATAA
AGCCTGGATCCTGGGGCTTACGC-3'; EKLF FW, 5-CCCCTACCTGATA
GCGG-3'; and EKLF REV, 5'-CCTTTCAGGCATTATCAGACAC
ACC-3'.

Oligonucleotide probes. Short GATA-1 CP2 consensus oligonucleotides (nu-
cleotides [nt] —695 to —660) were as follows: WT, 5'-CTGCTGCCCCAGAGC
AGGCCAGAGCTGGCGTAAGC-3"; MUT 1/3,5'-CTGCTGCCACAGAGCA
GGTAAGAGCTGGCGTAAGC-3'; MUT 2/4, 5'-CTGCTGCCCCAGATTGA
GCCAGATTGAGCGTAAGC-3"; and MUT 1-4, 5'-CTGCTGCCACAGA
TTGAGTAAGATTGAGCGTAAGC-3'.

p45 NF-E2 oligonucleotides (nt 450 to 493) were as follows: WT, 5'-CCTGCAG
CTGATAAACCCCTTATCTGGCCCAGGCAGGGGAACCT-3'; MUT 1-3,
5'-CCTGCAGCTGATAAACCCCTTATCTGTCCTAGGTAGGGGAACCT-3';
and MUT 2/3, 5'-CCTGCAGCTGATAAACCCCTTATCTGGCCTAGGTAGG
GGAACCT-3'.

EKLF oligonucleotides (nt —683 to —634) were as follows: WT, 5'-CCTACCT
GATAGCGGCCTGAAACATCTGGTGTGTCTGATAATGCCTGAAA-3"; and
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MUT, 5'-CCTACCTGATAGCGGCCTGAAACATITGGTGTGTITGATAAT
GCCTGAAA-3'.

The following constructs were also used: a-globin CP2 site, 5'-TAGAGCAA
GCACAAACCAGGCCAA-3' (22); y-globin SSE site, 5'-TCCAGTGAGGCC
AGGGGCCGGCGGCTGGCTAGGGATGA-3" (14); a-globin GATA site,
5'-GGCAACTGATAAGGATTCCCA-3" (24); and vy-globin CCAAT box,
5'-GCCTTGCCTTGACCAATAGCCTTGACA-3' (24).

Recombinant protein expression and purification. For the expression of the
GST-GATA-1 fusion protein, the murine GATA-1 cDNA was cloned in
the polylinker region of the pMGSTev expression vector (10), in frame with
the GST moiety. GST-CP2 fusion protein was produced from the pGEX
vector as described previously (14). The Escherichia coli BL21 strain cells
were transformed with the above plasmids, cultures were grown at mid-
logarithmic phase (0.6 A4(), and protein expression was induced with 0.1 mM
IPTG (isopropyl-B-p-thiogalactopyranoside) for 3 h at 37°C. GST-CP2 and
GST-GATA-1 proteins present in the soluble fraction were bound to GST-
Sepharose 4B (Amersham Bioscience) and purified according to the manu-
facturer’s instructions.

For EMSA experiments, the GST moiety of CP2 was cleaved with thrombin
(Amersham Biosciences). Briefly, the eluted GST-CP2 protein was dialyzed
against a buffer containing 20 mM HEPES, pH 7.9, 100 mM KCl, 20% glycerol,
0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride
(PMSF) and then incubated overnight with thrombin at room temperature. The
cleaved GST moiety was removed by binding to GST-Sepharose 4B resin at room
temperature. The unbound fraction containing the CP2 cleaved protein was
recovered and stored in aliquots at —80°C.

Plasmids. (i) GATA-1 reporter plasmids. The GATA-1 mouse promoter re-
gion from nucleotide —856 to nucleotide —655 flanked by BamHI sites was
obtained from the previously described pSVo GATA-1 plasmid (28) and cloned
into the compatible BglII site present in the polylinker of the pGL2 Basic
luciferase reporter vector (Promega). The mouse GATA-1 minimal promoter
from the same pSVo GATA plasmid (HindIII fragment from nucleotides —330
to —31) was transferred to the HindIII site of the pGL2 polylinker, immediately
downstream to BglII.

To generate mutations in the CP2 boxes, a two-step PCR approach was used:
in the first series of PCRs, mutations were introduced by amplifying the wild-type
template sequence with REV oligonucleotides, carrying the desired mutations,
corresponding to the 3’ end of the enhancer sequences, in conjunction with a
common FW primer carrying an external BamHI site for subsequent cloning.
The amplified fragments were gel purified and used as a template for the second
round of PCRs with the same FW primer and a common REV primer, external
to mutations, to introduce a 3" BamHI site. The resulting fragments were then
BamHI digested and cloned in the compatible BgllI site of pGL2 Basic vector
upstream to the GATA-1 minimal promoter.

Primers for GATA-1 constructs were as follows: FW-856 BamHI, 5'-CATAAA
GCTTGGATCCACTCTGGGTGTCACCTC-3'; REV-655mut 1/3, 5'-CTGGGG
CTTACGCCAGCTCTTACCTGCTCTGTGGCA-3"; REV-655mut 2/4, 5'-CTG
GGGCTTACGCTCAATCTGGCTCAATCTGGGGCA-3'; REV-655mut 1-4,
5'-CTGGGGCTTACGCCAACTCTTACCTACTCTGTGGCAGCAGATAAGT
CTTATGACATGGACTCG-3'; and REV-655BamHI, 5'-ATAAAGCCTGGATC
CTGGGGCTTACGC-3'.

(ii) p45 NF-E2 reporter plasmids. The p45 NF-E2 pGL2 plasmids (wild type
and mutated in GATA-1 sites) have been described previously (27). To generate
the two mutations in CP2 boxes, we used a two-step PCR approach, using a
pGEM-T (Promega) plasmid containing the p45 NF-E2 mouse fetal promoter
(nucleotides 233 to 605) as a template (provided by B. Giglioni). In the first series
of PCRs, partially overlapping primers carrying the desired mutations were used
in conjunction with external primers on the pGEM-T flanking sequences to
obtain the 5’ and 3’ portions of the fragment of interest. The amplified fragments
were then gel purified and used as a template for a second round of PCRs with
the same external pGEM-T primers. The resulting fragments were then cut with
Mbol and cloned in the compatible BglII site of pGL2 Basic vector.

Primers used for p45 mutants were as follows: pPGEM-T FW, 5'-TAATACG
ACTCACTATA-3"; pPGEM-T REV, 5'-ATTGGTGACACTATAGAA-3'; mut
2/3 sense, 5'-GATAAACCCCTTATCTGGCCTAGGTAGGGG-3'; and mut
1-3 sense, 5'-GATAAACCCCTTATCTGTCCTAGGTAGGGG-3'.

(iii) EKLF reporter plasmids. The EKLF HS1 fragment was obtained by
digestion with Apal and Ncol of a PCR fragment from MEL cell DNA (nucle-
otides —938 to —24), amplified with oligonucleotides FW (5'-ACGTCTCGAG
AACGGCATACTAGCTGCAGCTC-3") and REV (5'-ACGTGGATCCGGCT
CCTGTCTGCCCACATC-3').

The fragment was blunted and cloned into the Smal site of the pGL2 Basic
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vector containing the GATA-1 minimal promoter. Again, the mutations in CP2
boxes 2 to 3 were obtained by subsequent PCRs: overlapping sense and antisense
oligonucleotides, together with the above external primers, were used to gener-
ate templates for the second round of PCR, carried out with the same external
primers. The EKLFmut sense primer was 5'-GCGGCCTGAAACATITGGTG
TGTTTGATAATG-3'. The resulting mutated fragment was Apal/Ncol di-
gested, blunted, and cloned into the Smal site of the pGL2 Basic vector con-
taining the GATA-1 minimal promoter. All constructs obtained by PCR were
sequenced to exclude the presence of undesired mutations.

Transfection experiments. K562 human erythroleukemic cells were grown in
RPMI 1640 medium supplemented with L-glutamine and 5% fetal bovine serum.
Exponentially growing K562 cells (1 X 107 to 2 X 107) were electroporated at 400
V and 960 wF with a Bio-Rad apparatus in 800 pl of phosphate-buffered saline
with 20 pg of plasmid. To normalize experiments for transfection efficiency, 2 pg
of pRL-TK plasmid carrying the Renilla luciferase gene under the control of the
ubiquitous TK promoter was cotransfected in each sample. After 48 h, total
cellular extracts were prepared and the double luciferase activity was measured
according to the Promega Dual-Luciferase reporter system protocol. All exper-
iments were repeated in triplicate with at least three independent plasmid prep-
arations.

ChIP assay. ChIP assays were performed as described previously (15, 16).
Isolated DNA fragments were purified with a QIAquick spin kit (QIAGEN), and
2 pl from a 40-pl DNA extraction was amplified quantitatively by real-time PCR
with the GATA-1, NF-E2, or EKLF promoter-specific primer or MyoD primer
as a negative control (37). For ChIP/chromatin reimmunoprecipitation (Re-
ChIP) experiments, we immunoprecipitated the soluble chromatin fraction with
antibody to CP2, washed it, and released the bound immune DNA complexes in
20 mM DTT solution for 30 min at 37°C. We resuspended the precipitates in 1
volume of the immunoprecipitated dilution buffer and performed a Re-ChIP
with antibody to GATA-1. We also carried out control ChIP to test antibody
specificity with either a control (no antibody) or normal rabbit serum.

The primers used were as follows: GATA-1 (forward), 5'-CTTTCCTACCCT
ATCCCACTCCTCG-3'; GATA-1 (reverse), 5'-TGCTGGATTTGAACTAGA
GCCTGTG-3'; P45 NF-E2 (forward), 5'-GTTAAGGTATGGCCCAAATGAC
CCT-3"; P45 NF-E2 (reverse), 5'-AAGTTGTGGAAAGAGGCAAGCAGAC-3';
EKLF (forward), 5'-ATTGAACGCCAGGCTAATTTGAAGA-3'; EKLF (re-
verse), 5'-GAAAAGGCAGAAAGGGTATTCTGGG-3'; MyoD (forward),
5'-TGCAAGGCGTGCAAGCGCAAGAC-3'; and MyoD (reverse), 5'-CTCGA
TATAGCGGATGGCGTTG-3'.

In vitro protein-protein interaction assay. The plasmid used to produce
GATA-1 in vitro in the reticulocyte cell-free coupled transcription-translation
system (TNT kit, Promega) was derived from the above-mentioned pMGSTev
plasmid by removing the GST coding sequence by a double Spel-Ncol digestion.
The resulting ends were then blunted with Vent polymerase and religated. The
CP2 cDNA was inserted into a pBluescript plasmid under the T7 promoter.
35S-labeled proteins were synthesized in the presence of [**S]methionine (Am-
ersham). We incubated 1 pg of purified GST or GST fusion proteins with the
above 3°S-labeled proteins for 2 h at 4°C, adjusting the reaction mixture to a final
volume of 40 wl with a buffer containing 50 mM Tris HCI, pH 7.5, 100 mM NaCl,
0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, and protein inhibitor cocktail
(Roche). After incubation, 60 pl of 50% glutathione-Sepharose beads was added
together with 500 pl of binding buffer (150 mM NaCl, 10 mM Tris HCI, pH 8,
0.3% NP-40, 1 mM DTT, PMSF, protein inhibitor cocktail, 0.25% BSA). Incu-
bation was continued for 90 min at 4°C. Beads were collected by centrifugation
and washed three times with 1 ml of IPP250 buffer (20 mM Tris HCI, pH 7.9, 250
mM NaCl, 0.05% NP-40, 1 mM DTT, PMSF, protein inhibitor cocktail). Proteins
bound to the resin were eluted by boiling in 20 wl of Laemmli buffer, loaded onto
a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel, and visualized by autoradiography after drying of the gel.

In vivo protein-protein interaction assay. K562 nuclear extract (50 pg) was
preincubated with 7.5 pl of protein G agarose beads (Kirkegaard & Perry
Laboratories) and 100 pl of NDB buffer (100 mM KCl, 20 mM Tris HCI, pH 7.8,
0.5 mM EDTA, 1 pg/pl BSA, 0.1% NP-40, 5 mM B-mercaptoethanol, 20%
glycerol) for 1 h at 4°C. Precleared nuclear extracts were then incubated with 2
pg of anti-GATA-1 antibody (N6; Santa Cruz) or with 2 ug of anti-T antigen
antibody (Santa Cruz) as a negative control for 4 h at 4°C. One hundred micro-
liters of 50% protein G agarose beads was added to the reaction for 1 h at 4°C
and then washed three times with 150 pl of NDB buffer. Bound proteins were
eluted by boiling in 20 wl of Laemmli buffer, loaded onto a 10% SDS-PAGE gel,
blotted, and probed for the presence of CP2.
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RESULTS

CP2 binds within the HS2 enhancer region of the GATA-1
gene to sites adjacent to the GATA-1 palindromic site. In order
to better characterize the erythroid GATA-1 HS2 enhancer,
we analyzed by EMSA the region from nt —718 to nt —655
relative to the transcription initiation site, containing the pre-
viously described double GATA-1 binding site (28) and its 3’
flanking region, which extends to the end of the 3’ border of
the mouse/human homology region. The incubation of a **P-
labeled fragment corresponding to this region with K562 nu-
clear extracts generated a complex pattern in the fast-migrat-
ing GATA-1 bands (28) and other previously undescribed
slower bands (Fig. 1A, lane 1). Surprisingly, an unlabeled oli-
gonucleotide corresponding to the GATA-1 binding site from
the a-globin promoter not only competed for the two faster
bands but also affected the formation of the upper slower band,
suggesting that the latter might also contain GATA-1.

Immediately downstream to the GATA-1 double site, we
noticed a putative double CP2 consensus site (CnRGS/
6CnRG/C), extending from position —687 to position —667
(Fig. 1C). To test whether CP2 alone, or its heterodimeric
complex with the erythroid subunit NF-E4, could bind to this
putative consensus, we set up a competition experiment with
an oligonucleotide containing the SSE from the y-globin pro-
moter (14). As shown in lanes 4 and 5 in Fig. 1A, the unlabeled
SSE oligonucleotide efficiently abolished both upper bands,
confirming that they contain CP2 and/or NF-E4 and suggesting
that the slower band (also competed for by the GATA consensus
element) might contain CP2 and/or NF-E4 and GATA-1 mole-
cules (Fig. 1A, compare lanes 2 to 3 with lanes 4 to 5).

To confirm the abilities of CP2 and/or NF-E4 to bind the
HS2 GATA core sequence, we carried out experiments with
specific antibodies against CP2 and NF-E4: the former, but not
the latter, antibody was able to compete for the formation of
the upper doublet (Fig. 1B, lanes 10 and 11), suggesting the
absence of NF-E4 in these CP2 complexes. Consistent with
this, an oligonucleotide carrying the CP2 consensus from the
a-globin promoter and known to bind CP2 in its homodimeric
form was also able to compete for the upper complexes (data
not shown).

To determine whether CP2 binding to this region was af-
fected by the integrity of the double GATA-1 site, we tested
probes carrying mutations in either the 3’ low-affinity or the 5’
high-affinity GATA-1 site (28). In this experiment, a labeled
oligonucleotide (nt —718 to —655) comprising both the
GATA-1 and CP2 sites was competed for by a “short” unla-
beled oligonucleotide carrying either the wild-type or the mu-
tated GATA-1 sites but not the CP2 binding sites. Neither the
wild-type nor the mutated competitor oligonucleotide signifi-
cantly affected the CP2 band (Fig. 1B, lanes 1 to 6), indicating
that the binding of CP2 is not dependent on the binding of
GATA-1. Interestingly, while the oligonucleotide with the 3’
GATA-1 mutation fully competed for both GATA-1 and GATA-
1-plus-CP2 bands (as the wild-type oligonucleotide does), the 5’
GATA-1 mutant oligonucleotide (a weak GATA-1 competitor
[28]) competed for the GATA-1 band more efficiently than the
GATA-1-plus-CP2 band (Fig. 1B, lanes 3 to 4). This suggested
that the GATA-1-plus-CP2 complex may be more stable on target
DNA than the simple GATA-1 complex. These data were con-
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FIG. 1. Binding of CP2 to the GATA-1 HS2 enhancer element. (A) EMSA using an oligonucleotide (positions —718 to —655) encompassing
the GATA-1 CP2 binding motifs present in the HS2 enhancer with K562 cell nuclear extract. The effects of excess unlabeled GATA-1 binding
(globin GATA-1) and CP2 binding (SSE) competitors are shown. The positions of the GATA-1, CP2, and GATA-1-plus-CP2 complexes are
indicated. Note that both competitors abolish the upper band, demonstrating that it contains both CP2 and GATA-1. (B) Unlabeled oligonucleo-
tides comprising the wild-type (wt) or mutated GATA-1 palindrome do not affect the binding of CP2 to the GATA-1 HS2 enhancer oligonucleotide
in competition experiments. Note that the weak GATA-1 binding mutant (5" mut GATA-1, lanes 3 to 4) competes almost completely for the
GATA-1 band, while it leaves the upper CP2-plus-GATA-1 band essentially intact. A specific anti-CP2 antibody, but not an anti-NF-E4 antibody,
abolishes the CP2 band (lanes 10 to 11). The positions of the GATA-1, CP2, and GATA-1-plus-CP2 complexes are indicated. (C) Schematic
representation of the GATA-1 and CP2 binding sites on the mouse GATA-1 promoter.

firmed by direct binding experiments with labeled normal or mu-
tated oligonucleotides (data not shown).

To better characterize the formation of the upper CP2 bands
on the HS2 GATA sequence, we repeated our analysis using
recombinant proteins. GATA-1 was produced by a coupled in
vitro transcription/translation reaction, while CP2 was ex-
pressed in bacteria as a GST fusion protein and then cleaved to
remove the GST moiety. As shown in Fig. 2A, lanes 1 and 6,
respectively, CP2 and GATA-1 bound the HS2 probe, as ex-
pected. The addition of increasing amounts of GATA-1 to a
constant amount of CP2 (Fig. 2A, lanes 2 to 4) progressively
led to the formation of a new band migrating more slowly than
the band generated by CP2 alone, suggesting the simultaneous
binding of the two proteins on the same DNA molecule. This
new band contained GATA-1, as confirmed by the use of an
anti-GATA-1 antibody (Fig. 2A, lane 5). In fact, when the
anti-GATA-1 antibody was added in the presence of the
GATA-1 protein alone (Fig. 2A, compare lane 7 with lane 6),
the GATA-1 band was supershifted to a position close to that
corresponding to the band generated by the CP2 protein alone

(lane 1). In the presence of both CP2 and GATA-1, the addi-
tion of the anti-GATA-1 antibody clearly supershifted not only
the prominent GATA-1 lower band but also the upper band,
resulting from the presence of both GATA-1 and CP2 in the
reaction mixture (see double asterisk in Fig. 2A, lane 5). Sim-
ilar results were obtained with K562 extracts (data not shown).

Among hematopoietic cell lines expressing GATA-1, there
is variability of CP2 levels. For example, K562 cells have high
levels of CP2 in comparison to GATA-1 levels (Fig. 2B, lane
4), whereas a number of immature mouse hematopoietic cells,
such as primary fetal liver cells (E12.5) and immortalized bone
marrow and yolk sac-derived growth factor-dependent progen-
itor cell lines (4), show low CP2 levels (Fig. 2B, lanes 1 to 3).
Extracts from all these cells contain abundant GATA-1, as
evidenced on the EMSA results shown in Fig. 2C using the
GATA-1 promoter probe (lanes 1 to 3). CP2 binding to the
probe with these extracts mirrored the protein levels observed
on the Western blot, and a weak GATA-1-plus-CP2 complex
was also observed which was ablated with the addition of anti-
CP2 antiserum (Fig. 2C, lanes 4 to 6). The addition of recom-
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FIG. 2. Binding of GATA-1 and CP2 to the GATA-1 HS2 enhancer element. (A) Studies of recombinant GATA-1 and CP2 confirm that both
proteins bind to the HS2 enhancer element. Note that antibody against GATA-1 supershifts both the GATA-1 and the GATA-1-plus-CP2 bands
(lanes 5 and 7, asterisks). The positions of the GATA-1, CP2, and GATA-1-plus-CP2 complexes are indicated. (B) Western analysis of extracts
from primary fetal liver cells from E12.5 day embryos (FL E 12.5) and immortalized mouse yolk sac (YS Epo) and bone marrow (ts Epo) growth
factor-dependent cell lines with anti-CP2 antibody. Anti-OCT-1 antibody served as the loading control. (C) The GATA-1-plus-CP2 band was
obtained using extracts from various hematopoietic cell types (lanes 1 to 3); compare lanes 1 to 3 with lanes 4 to 6, where the anti-CP2 antibody
was added. Recombinant CP2 added to nuclear extracts from the same hematopoietic cell extracts generates a strong GATA-1-plus-CP2 band

(lanes 7 to 9); compare lanes 7 to 9 with lane 10, K562 nuclear extracts.

binant CP2 to nuclear extracts of the immature mouse cells
augmented the GATA-1/CP2 band, which became clearly ev-
ident (Fig. 2C, lanes 7 to 10). Overall, these results indicate
that when high levels of both GATA-1 and CP2 are present,
the GATA-1-plus-CP2 complex forms readily.

The CP2 binding sites present on the GATA-1 HS2 enhancer
contribute functionally to its activity. To assess the functional
relevance of CP2 binding on the GATA-1 promoter, we ana-
lyzed in transient transfection assays with K562 cells a series of
mutants in the CP2 double consensus site in the HS2 region. In
these experiments, the HS2 element from nt —856 to nt —655
was cloned into a pGL2 plasmid immediately upstream of the
330-nt GATA-1 minimal promoter to drive the activity of a
luciferase reporter gene. Since there is a double CP2 consensus
in the GATA-1 HS2 region, with four CP2 half consensus
motifs (CNRG) comprising two partially overlapping CNRG-
6-CNRG complete motifs, we prepared three different mu-
tants, abolishing the first CP2 consensus (Mut 1/3), the second
one (Mut 2/4), or both of them (Mut 1-4), as shown in Fig. 3A.
To test the efficiency of these mutations in disrupting CP2
binding, we carried out a series of EMSAs (Fig. 3B) on DNA
sequences, which contain either the GATA-1 double site (nt
—718 to —655) or the double CP2 region alone (nt —695 to
—655) (Fig. 3B and data not shown). None of the mutations
affected GATA-1 binding (Fig. 3B, left panel, compare lanes 1
to 4). Mutations abolishing the single CP2 consensus (Mut 1/3
and Mut 1/4) (Fig. 3B, left panel) only slightly reduced the CP2
band, as residual binding occurred on the remainder of the
CP2 site (lanes 1 and 2). A more substantial reduction was
observed in the higher-order GATA-1-plus-CP2 complex with
these mutants. Mutation of both sites completely abolished
binding of both CP2 and the higher order complex containing
GATA-1 plus CP2 (Fig. 3B, lane 3). Reduction in CP2 binding
to the single site mutants and loss of CP2 binding to the Mut

1-4 probe were confirmed with lymphoid CH27 nuclear ex-
tracts, which contain CP2 but not GATA-1 (Fig. 3B, right
panel).

The above mutations were then introduced into a pGL2-
based construct containing the HS2 element from nt —856 to
nt —655 immediately upstream of the GATA-1 330-nt minimal
promoter element (28) to drive the expression of a firefly
luciferase reporter gene. An additional mutation in the double
GATA-1 motif (28) was tested in parallel. The resulting plas-
mids were transiently transfected into K562 cells, and the re-
sults of these experiments are summarized in Fig. 3C. All
results are normalized for the efficiency of transfection, deter-
mined by cotransfection of a Renilla luciferase reporter under
the control of the ubiquitous thymidine kinase promoter, and
apply to a series of at least three experiments in duplicate. All
three tested CP2 mutations (either in the single CP2 boxes
[Mut 1/3 and Mut 2/4] or in both sites [Mut 1-4]) drastically
reduced the transcriptional activity of the GATA-1 HS2 ele-
ment (less than 10% of the activity of the intact HS2 element).
The effect of the mutations in the CP2 boxes was similar to that
of the mutation in the GATA boxes, indicating a substantial
role for the CP2 consensus in the regulation of this element in
K562 cells. Of note, Mut 1/3 and Mut 2/4, which did not greatly
reduce CP2 binding in the EMSA (but do affect the GATA-
1-plus-CP2 complex; see above) had a clear functional effect,
suggesting the need for an intact CP2 double consensus ele-
ment in vivo (and thus the formation of the CP2-plus-GATA-1
complex).

Adjacent GATA-1 and CP2 binding sites are present in
several genes expressed in hematopoietic cells. To explore the
possibility that adjacent sites for GATA-1 and CP2 could rep-
resent a common “regulatory module” shared by several genes
expressed in the hematopoietic system, we searched for regu-
latory regions containing GATA-1 binding sites flanked by
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FIG. 3. CP2sites on the GATA-1 HS2 enhancer substantially contribute to the transcriptional activity of the GATA-1 gene. (A) Schematic of
the wild-type (wt) and mutated GATA-1 HS2 enhancer constructs. The GATA-1 and CP2 consensus sites are boldface, and the mutated bases in
the CP2 consensus sites are underlined. (B) The effect of mutations on protein binding. EMSAs with the wild-type and mutated oligonucleotides
were performed with extracts from K562 (erythroid) or CH27 (nonerythroid) cells. The positions of the GATA-1, CP2, and GATA-1-plus-CP2
complexes are indicated. The most extensive mutation (Mut 1-4) totally abolished CP2 binding (lanes 3 and 8), but mutations in the single CP2
boxes (Mut 1/3 and Mut 2/4) still allowed significant CP2 binding on the intact CP2 site (lanes 1, 2, 6, and 7). The CH27 nuclear extracts contain
CP2 but not GATA-1. (C) Functional luciferase reporter assays with K562 cells of mutants shown in panel A and an additional construct carrying
a mutation of the GATA-1 binding site. All three CP2 mutations greatly reduced the ability of the HS2 enhancer linked to the GATA-1 minimal

promoter to drive the luciferase reporter, shown schematically in the lower panel.
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TABLE 1. Adjacent GATA-1 and CP2 sites in erythroid regulatory elements

Binding site (reference)”

Sequence®

mGATA-1 CGAGTCCATCTgataaGACttatcTGCTGCCCCAGAGCAGGCCAGAGCTGGCGTAAGCCCCA
mEKLF CTACCTgatagCGGCCTGAAACATCTGGTGTGTCTgataatGCCTGAA
MPAS/NF-E2.....ooviiiiiice CCTGCAGCTgataaACCCCttatcTGGCCCAGGCAGGGGAACCTAAAGTAAGGATGGG
mGfi-1b (36) AGCTGTCTCctatct GTGGCCACCAGTCTGGACCTGTGTCCCCTTGGGGAGTTGTT
hRBTN-2% ..o GCTCCGCCctatcagatagACAACCAGGCCACCAAGAGGCCCAGCCCTCCAAACCCTGG

hUrollIsynth. (41)

..TGTCTTTCCAAGTgatat CAACTGCTAACATGCTCTTTCTTGGCcttatc AGTGACAGGGGTCT

hPBGD* ..o CACTGGGGAACCTGTGCTGAGTCACTGAAGgatagATTCAttatct ACAACAGACAAGGCACTTGA

hALAS2 (3)

TCAGCCTGGCACCctatcTCTGGTCTGCCAGCTGGTCTCTCAGGCTGTA

MEPOR™ ..o GGCTGTAGcttatcTGTCCCCAGCCTGCAAAGCTGGCCCCGCCCCCTGGAAGGAGCTGCC

hAnkyrin (12)

CGACAGCAAGCGCCTCTGGGGCCgataagGCCCTCGGGGGCCTGGCCCGCACGTCACA

hPlat.Glyc.IIB ......coovvviririicicne AGTCTTTTcttatctAAACTGGAACCCCAAGTAACTTGCTGAGCAACGGGCAGAGCAAAG

mTransferrinR (18)..

..GGTTCAGGCTGCCTGTCAGGGCtgataaGGGGCCCTC

hGlobinLCR HS2* .......ccccovvviiriinnen AGAGTGATGACT Cctatct GGGTCCCCAGCAGGATGCTTACAGGGCAG

@ *, information based on the Transcription Regulatory Regions Database (20) and other published data (see references).

> GATA-1 binding sites are in lowercase letters; CP2 binding sites are underlined.

putative CP2 sites (Table 1). Among the identified hits, we
focused our attention on sequences known to be relevant for
the regulation of p45 NF-E2 and EKLF, which both code for
transcription factors expressed in, and important for, the ery-
throid and (in the case of NF-E2) megakaryocytic differentia-
tion programs. The EKLF region studied lies within erythroid
hypersensitive site 1 mapped from positions —700 to —650 and
known to contain a functionally relevant GATA-1 site flanked
by other poorly characterized elements (1, 2, 9). The p45
NF-E2 sequence containing adjacent GATA-1 and CP2 sites
constitutes the core of the “fetal” proximal p45 NF-E2 1b
promoter (27).

To test the effective ability of CP2 to bind to these consensus
sequences on the EKLF and p45 NF-E2 regulatory elements,
we performed an EMSA using *?P-labeled fragments encom-
passing the regions of interest (see Table 1 and Fig. 5 for

sequences). Both EKLF and p45 NF-E2 sequences bound
GATA-1 and CP2 when recombinant proteins (Fig. 4A and B)
and K562 extracts (Fig. 4C, lanes 1 and 5) were used. In these
experiments, the CP2 band was weaker than that formed using
the GATA-1 oligonucleotide (compare Fig. 4A and B with Fig.
1 and 2), and little, if any, ternary complex with GATA-1 and
CP2 was formed when additional recombinant CP2 was added
to the K562 nuclear extract (Fig. 4C, lanes 2 to 4 and 6 to 8).
This indicates that the ternary GATA-1-plus-CP2 complex
may be unstable under the experimental conditions adopted.
Alternatively, the simultaneous binding of GATA-1 and CP2
may be constrained by the relative arrangement of the binding
sites. However, changing the spacing between GATA-1 and
CP2 binding sites did not affect the results (data not shown).

The CP2 binding sites present on p45 NF-E2 and EKLF
promoters functionally contribute to their activity. To test the

i + +
GATA]. & % % uh e g antlb?dy a CP2
recombinant protein Recombinant CP2 o+ LRI T
ez + - + * = % KS62 nuclearextract + + + + + + + +
. —CP2 - e —cr - «— CP2
—— GATA-1

’ — GATA-1

-
el

& T some-

1 2 3 1 2 3

probe p45 NF-E2 EKLF

12 3 4 561738
p45 NF-E2 EKLF

FIG. 4. Sequences from the fetal 1b proximal p45-NF-E2 promoter and EKLF erythroid hypersensitive site 1 bind CP2. Binding of recombinant
CP2 and GATA-1 to the p45 NF-E2 promoter (A) and the EKLF promoter (B) was assessed by EMSA. The positions of the GATA-1 and CP2
complexes are indicated. (C) The effects of the addition of recombinant CP2 and anti-CP2 antibody on GATA-1 and CP2 complex formation on
the p45 NF-E2 and EKLF promoters were assessed by EMSA. The positions of the GATA-1 and CP2 complexes are indicated.

Probe
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functional relevance of the CP2 binding sites identified in the
p45 and EKLF regulatory elements, we again prepared a series
of CP2 binding mutants and assayed them in transient trans-
fections in K562 cells. In the p45 NF-E2 promoter, we made
two different mutations in the CP2 consensus: p45 NF-E2 Mut
1-3 altered all three half CP2 boxes, whereas p45 NF-E2 Mut
2/3 left intact the first half box that partially overlaps with the
GATA-1 consensus. This second mutant was designed to avoid
any possible perturbation of the adjacent GATA-1 site (Fig. SA).
Similarly, we mutated two of the potential CP2 half sites in
EKLF erythroid hypersensitive site 1 (Fig. SA). Both p45 NF-
E2- and EKLF-mutated oligonucleotides failed to bind CP2 in
EMSA experiments when used as labeled probes in direct
binding experiments (Fig. 5B) or as unlabeled competitors
versus the GATA-1 HS2 probe (data not shown). The CP2
mutations in both p45 NF-E2 and EKLF competitor oligonu-
cleotides did not affect their ability to compete for GATA-1
binding, showing that the mutation(s) of the CP2 site(s) does
not affect the binding of GATA-1 to the adjacent GATA-1
motifs (Fig. 5B and data not shown).

The above mutations in the p45 NF-E2 element were intro-
duced into the 373-nt fragment corresponding to the fetal/1b
intronic promoter (from nt 233 to 605) to drive transcription of
the luciferase reporter gene in the pGL2 basic plasmid (27). To
test the contribution of the CP2 sites in the EKLF element, we
cloned an EKLF promoter fragment from nt —688 to nt —560
immediately upstream to the GATA-1 minimal promoter into
the same pGL2vector. The resulting plasmids were then tran-
siently transfected into K562 cells. Both CP2 mutations in the
p45 NF-E2 promoter reduced the transcriptional activity by
over 70% (Fig. 5C). With this construct, the residual activity
was significantly higher than that of the mutant in the GATA-1
HS2 site (~5% of the wild-type activity). EKLF erythroid
hypersensitive site 1, when placed upstream to the GATA-1
minimal promoter, led to a 2.5-fold increase in the GATA-1
minimal promoter activity, which was almost completely abro-
gated by loss of CP2 binding (Fig. 5C). Taken together, these
data demonstrate the relevant role of CP2 in activating tran-
scription from GATA-1, p45 NF-E2, and EKLF promoters.

CP2 binds to the GATA-1, EKLF, and p45 NF-E2 regulatory
elements in vivo. To further assess the potential role of
GATA-1 and CP2 in the regulation of the GATA-1, EKLF,
and p45 NF-E2 genes, we performed ChIP assays with K562
cells. As shown in Fig. 6A, all three erythroid regulatory ele-
ments were occupied by GATA-1 and CP2 in vivo. No ampli-
fication of these elements was observed in the absence of
specific antiserum or with normal rabbit serum. To determine
whether GATA-1 and CP2 occupied the erythroid regulatory
elements simultaneously, we performed a ChIP/Re-ChIP ex-
periment in which chromatin from K562 cells was initially
immunoprecipitated with anti-CP2 antibody and the selected
chromatin was secondarily immunoprecipitated with anti-
GATA-1 antibody (Fig. 6B). Both the GATA-1 and EKLF
regulatory elements were specifically immunoprecipitated by
anti-GATA-1 antibody from the washed precipitate from the
CP2 antibody, indicating that CP2 and GATA-1 cooccupy
these elements. In contrast, although GATA-1 and CP2 appear
to participate in the regulation of p45 NF-E2, we were unable
to demonstrate simultaneous occupancy of the factors on this
target element under these experimental conditions.
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FIG. 5. Mutations in the CP2 binding sites in the p45-NF-E2 and
EKLF promoters inhibit their transcriptional activity in K562 cells.
(A) Schematic of the wild-type (wt) and mutated p45 NF-E2 and
EKLF promoters. The GATA-1 and CP2 binding sites are boldface
and labeled, and the mutated bases are underlined. (B) EMSA with
K562 nuclear extract or recombinant CP2 and the wild-type and mu-
tant oligonucleotides shown in panel A. The mutations abolished CP2
binding but did not affect GATA-1 binding, as demonstrated by both
direct binding (lanes 1 to 10) and competition experiments (not
shown). (C) Functional luciferase reporter assays with K562 cells of
mutants shown in panel A. In experiments with the p45 NF-E2 pro-
moter, a construct carrying a mutation of the GATA-1 binding site was
also tested. In the experiments with the EKLF promoter, the GATA-1
minimal promoter was tested as a control. Mutations in the CP2
binding sites significantly reduced the transcriptional activity of the
transfected constructs, which are shown schematically below the re-
spective bar graphs.
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FIG. 6. Binding of CP2 and GATA-1 to erythroid gene regulatory
elements. (A) ChIP with anti-GATA-1 or anti-CP2 antibody. Chro-
matin from K562 cells was immunoprecipitated using antiserum to
CP2 or GATA-1. Normal rabbit serum (Ctrl IgG) samples and samples
without antibody (No Ab) served as the controls. Quantitative PCR
was performed with primer pairs to amplify the erythroid gene regu-
latory elements (GATA-1 enhancer, p45 NF-E2 promoter, and EKLF
enhancer) or the MyoD gene as a control. The input chromatin is
shown. (B) ChIP/Re-ChIP with anti-GATA-1 and anti-CP2 antibodies.
Chromatin from K562 cells was sequentially immunoprecipitated with
anti-CP2 and then anti-GATA-1 antibodies prior to quantitative PCR
with the erythroid gene regulatory elements shown. Controls were as
described for panel A.

CP2 and GATA-1 proteins physically interact in the absence
of DNA. As CP2 and GATA-1 were shown to bind to adjacent
sites on several genes, we wondered whether these two tran-
scription factors might directly interact. To test this hypothesis,
we performed a series of GST pull-down experiments in which
either GST-GATA-1 or GST-CP2 immobilized on glutathione-
Sepharose beads was assayed for its ability to capture in vitro-
transcribed/translated *3S-labeled CP2 or GATA-1, respec-
tively. As shown in Fig. 7A (left panel), [**S|GATA-1 was
retained on a GST-CP2 resin (lane 2) but not on GST alone
(lane 3). In a reciprocal experiment (Fig. 7A, right panel),
[*>S]CP2 was retained on the GST-GATA-1 resin (lane 5) but
not on GST alone (lane 6). Under the same conditions, GATA-1
was able to bind to another known partner (EKLF) but failed to
interact with a protein not known to interact (Cf1, RNA cleavage
factor 1), confirming the specificity of the CP2-GATA-1 interac-
tion (data not shown).

MoL. CELL. BIOL.

As different GATA-1 domains are known to mediate its
interaction with several other transcription factors and to be
differentially required for proper GATA-1 activity during de-
velopment (5, 40), we mapped the GATA-1 regions responsi-
ble for its interaction with CP2. To this end, we produced a
series of progressive N-terminal deletions of GATA-1 (Fig.
7B) and tested them for their ability to be retained on GST-
CP2 resin. GATA-1 mutant protein lacking the 83 N-terminal
amino acids specifically bound GST-CP2 but not GST alone
(Fig. 7C, upper panel). A mutant protein lacking this region
and the N-terminal zinc finger (amino acids 1 to 233) also
continued to bind to GST-CP2 (Fig. 7C, lower panel). How-
ever, the further deletion of the residual COOH-terminal fin-
ger (amino acids 1 to 286) abolished the interaction with GST-
CP2, with comparable levels of binding observed with GST
alone (Fig. 7C, lower panel). A mutant GATA-1 protein con-
taining both zinc fingers (amino acids 177 to 333) was able to
interact specifically with CP2 (Fig. 7C, lower panel).

To confirm the ability of CP2 to interact with GATA-1 in the
cellular environment, we immunoprecipitated K562 nuclear
extracts with either anti-GATA-1 antibody (a-GATA-1) or an
unrelated antibody (a-TAG) and probed the precipitates with
anti-CP2 antibody (Fig. 7D). CP2 was efficiently coimmuno-
precipitated with GATA-1, but no nonspecific immunoprecipi-
tation was observed when we used the unrelated antibody.
Taken together, these data demonstrate that GATA-1 directly
interacts with CP2.

DISCUSSION

The transcription factor GATA-1 is a critical regulator of
the activity of a large number of hematopoietic cell-restricted
genes (5, 11, 47). Here, we show that a strong hematopoietic
enhancer (the HS2 element of the mouse GATA-1 gene),
known to be completely dependent on GATA-1 for its activity,
additionally requires the binding of CP2 to a sequence adja-
cent to the GATA-1 binding site. Juxtaposed GATA-1-CP2
sites are present in regulatory elements of several hematopoi-
etic-restricted genes, and CP2 binding is necessary for optimal
activity of at least two additional genes encoding hematopoi-
etic transcription factors p45 NF-E2 and EKLF. The further
observation that the CP2 protein physically interacts with the
GATA-1 protein in the region of the COOH-terminal zinc
finger, where other transcription factors also bind, suggests
that CP2 binding to GATA-1 might modulate its interaction
with other transcription factors as well as its transcriptional
activity.

Adjacent GATA-1 and CP2 binding motifs are essential for
GATA-1 HS2 activity in transfection experiments. GATA-1
controls essential stages of the differentiation and proliferation
of hematopoietic progenitor cells, acting on a large number
of target genes (6, 11). The levels of expression of GATA-1
and its physical interactions with other transcription factors
(FOG1, Tal-1/SCL, Lmo-2, ETS-1, Pu-1, etc.) play critical
roles in determining the differentiation of multipotent progen-
itors into specific hematopoietic lineages. The expression of
GATA-1 is itself determined by several regulatory elements
spread along the gene and characterized by chromatin DNase
I hypersensitivity in hematopoietic progenitors (25, 29-31, 35,
45). These elements are partially redundant, as loss of single
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FIG. 7. Direct physical interaction between GATA-1 and CP2.
(A) Purified GST or GST fusion proteins containing full-length CP2
(GST-CP2) preadsorbed to glutathione-Sepharose beads were incu-
bated with *3S-labeled in vitro-transcribed/translated GATA-1 (lanes 1
to 3). Specifically bound protein was eluted from washed beads and
visualized by autoradiography after SDS-PAGE. Input represents 10%
of the in vitro-translated GATA-1 used in the assay. Lanes 4 to 6
utilized glutathione-Sepharose-bound GST-GATA-1 and **S-labeled
CP2. (B) Schematic of truncation mutants used to map the GATA-1
regions responsible for the interaction with CP2. (C) GST or GST-CP2
protein coupled to glutathione-Sepharose was incubated with 33S-la-
beled wild type or truncated GATA-1 mutants shown in panel A. Input
represents 10% of the in vitro-translated GATA-1 or mutant protein
used in the assay. The molecular masses of the proteins are shown.

INTERACTION OF CP2 WITH GATA-1 ON ERYTHROID PROMOTERS 3951

elements only moderately affects overall GATA-1 expression
but rather diminishes its activity in a subset of cell lineages (13,
26, 42, 45). The HS2 enhancer is one of the best-studied ele-
ments. A high-affinity palindromic GATA-1 binding sequence
in HS2 is the site of positive autoregulation by GATA-1 itself.
In transfection studies, the activity of HS2 is largely dependent
on the GATA-1 binding sequence (28). In vivo, mutation of
the GATA-1 motif, within the context of the endogenous gene,
decreases GATA-1 expression and cell differentiation in the
eosinophilic lineage, indicating an important role of high
GATA-1 levels in this lineage (49). Red cell production is also
affected in this mutant strain, with mice exhibiting diminished
red cell, hematocrit, and hemoglobin levels (49). However, as
the other GATA-1 HS elements are intact, it is still unclear to
what extent HS2 contributes to GATA-1 expression in other
lineages. Aside from the GATA-1 binding elements, no other
functionally important transcription factor binding sites in HS2
have been identified, leaving open the question as to whether
HS2 requires only the GATA-1 binding sites.

Our experiments show that CP2 binds efficiently to a double
CP2 binding element located immediately 3’ to the GATA-1
binding motif in HS2 (Fig. 1). Each of the two CP2 binding
sites (the 1/3 and 2/4 boxes) is able to bind CP2, as indicated by
experiments in which one of the two boxes was individually
mutated (Fig. 3B). However, when both boxes were intact, we
did not detect any band with slower mobility than that ob-
served with the single-box CP2 mutants, even at a high protein
concentration (Fig. 3 and 4 and data not shown). This suggests
that although each of the two CP2 motifs may bind a CP2
dimer, only one CP2 dimer at a time is able to interact with the
DNA or to form a stable complex under the electrophoretic
conditions. Functionally, the binding of CP2 is essential, as
mutation of even a single CP2 element in HS2 decreases the
activity in transfection experiments with K562 cells to levels as
low as those obtained in the absence of the GATA-1 binding
site (Fig. 3C). Additionally, in vitro experiments (Fig. 3B, right
panel) show that single CP2 mutants, Mut 1/3 and Mut 2/4
oligonucleotides, bind less CP2 than the wild-type oligonucle-
otide; this difference is further amplified, particularly for Mut
1/3, when the binding is carried out at low protein and oligo-
nucleotide concentrations (data not shown).

One possible explanation for the functional effect of single
CP2 mutants is that the existence of two adjacent functional
sites might increase the affinity for CP2 or the stability of the
bound CP2, limiting the off rate of the CP2-DNA complex.
According to this hypothesis, we would suggest that in trans-
fected cells, the probability of CP2 occupancy of the HS2
region is low when one of the CP2 sites is mutated, and thus,
the formation of the functional GATA-1 complex is relatively
unlikely. Note that the formation of the GATA-1-plus-CP2
complex on DNA is impaired when one of the two CP2 sites
(Mut 1/3 and Mut 2/4) is mutated (Fig. 3B, lanes 1 and 2).

(D) K562 cell extract was immunoprecipitated with either anti-
GATA-1 or an unrelated antibody (anti-TAG) as the control. Immu-
noprecipitates were fractionated by SDS-PAGE and immunoblotted
with anti-CP2 antibody. CP2 protein was detected in precipitates from
anti-GATA-1 antibody but not from the control.
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Additionally, it is worth mentioning that the Mut 1-4 construct
(in which all four CP2 half sites are mutated), when transfected
in nonerythroid NIH 3T3 cells, is expressed at 80% * 0.35%
compared to the wild-type construct and that the simultaneous
cotransfection of both CP2 and GATA-1 stimulates both the
wild-type and CP2-mutated sequence at similar levels (3.5 =
0.75% and 3.1 = 0.8%, respectively). Thus, the functional
interaction of CP2 and GATA-1 may require the involvement
of additional hematopoietic-specific transcription factors and/or
chromatin modifications not detectable in an EMSA. Overall,
these results suggest that within this enhancer, the activity of
GATA-1 bound to its cognate site may be largely, if not
completely, dependent on collaboration with CP2. In vivo
experiments with mice will be needed to confirm this hy-
pothesis.

Adjacent GATA-1 and CP2 sites are important for regula-
tory elements of EKLF and p45 NF-E2 genes. A CP2 binding
site adjacent to a GATA-1 binding site is present on the reg-
ulatory elements of EKLF and p45 NF-E2, two additional
transcription factors. As for the GATA-1 HS2 element, an
intact CP2 binding site is necessary for optimal activity of the
EKLF and p45 NF-E2 regulatory elements. However, the re-
duction of activity observed upon mutation of the CP2 binding
motif on these regulatory elements is not as strong as that
observed with the GATA-1 HS2 element. The reasons for this
difference are not known. This may be due to the HS2 GATA-
1/CP2 motif being a much stronger functional element than the
others. In fact, the first GATA-1 palindromic site has an un-
usually high affinity for GATA-1 (43). In addition, the CP2
motif is likely to confer efficient binding due to its configura-
tion of four half-CP2 motifs. Indeed, a ternary complex be-
tween GATA-1, CP2, and the HS2 oligonucleotide is stable
enough to be visualized in an EMSA, whereas a similar com-
plex is not visible with the EKLF and p45 NF-E2 oligonucle-
otides (Fig. 5).

ChIP experiments indicate an in vivo participation of CP2
in the regulation of GATA-1, EKLF, and p45 NF-E2 genes. The
detection of CP2 occupying the regulatory elements of
GATA-1, EKLF, and p45NF-E2 genes in vivo (Fig. 6) is in
agreement with the functional role of CP2 ascribed on the
basis of transfection experiments. Sequential ChIP with anti-
CP2 and anti-GATA-1 antibodies demonstrates that both pro-
teins are present on the GATA-1 and EKLF regulatory ele-
ments simultaneously. While we cannot precisely define what
proportion of sites are cooccupied by both transcription fac-
tors, this result indicates that at least some sites may be regu-
lated by the actual interaction of GATA-1 and CP2. In the
context of the p45 NF-E2 promoter, we were able to perform
ChIP on the element with both GATA-1 and CP2 antibodies,
but the sequential ChIP was unsuccessful. This finding is com-
patible with a model in which one factor, for example, CP2,
initially binds to its target site, establishing chromatin changes
that favor the binding of the partner factor (GATA-1 in this
example), which binds only after the release of the first factor.
This, in turn, induces additional changes that increase tran-
scriptional activity.

GATA-1-CP2 complex binding sites are common to several
hematopoietic genes. A search of 100 hematopoietic GATA-
1-dependent regulatory elements identified GATA-1-CP2
composite binding sites in at least 13 of them (Table 1). One of

MoL. CELL. BIOL.

these elements was studied previously: a mutation in a CP2 site
adjacent to a GATA-1 site in the human uroporphyrinogen III
synthase erythroid promoter is responsible for a type of inher-
ited erythropoietic porphyria, with decreased gene expression
(41). Additionally, two CP2 motifs lying at some distance (~50
to 60 bp) from a GATA-1 site are essential for optimal expres-
sion of the a-globin gene (8, 22). In addition to the GATA-1
HS2 enhancer, we have shown that two other regulatory ele-
ments of genes encoding transcription factors (p45 NF-E2 and
EKLF) require CP2 for optimal activity. Overall, the relatively
high frequency of the GATA-1-CP2 composite motif among
hematopoietic genes and the validation of the requirement of
CP2 binding for activity (this paper and reference 41) suggest
that this motif may represent a novel module for common
regulation of a subset of genes. A precedent for a similar
module exists for GATA-1 sites adjacent to Fli-1 binding
sites, which regulate gene expression mainly in megakaryo-
cytic cells (46).

The previously published gene targeting of CP2 (LBP-1c) in
mice failed to show any significant alteration in the expression
of erythroid genes. However, this was demonstrated to be due
to compensation by the highly related factor LBP-1a/NF2d9
(33). Elucidation of the role of these factors in erythropoiesis
will come with the analysis of mice lacking both these genes.
Most of the CP2 isoforms are ubiquitously expressed, with the
only partial exception being the CP2c¢/CP2b heteromer. Al-
though this complex is more abundant in erythroid than in
nonerythroid cells, it is not sufficient to confer erythroid-spe-
cific transcriptional activation (17). GATA-1, by its ability to
interact with CP2, may be responsible for conferring erythroid-
specific transcriptional activation properties to the ubiquitously
expressed CP2.

CP2 interaction with the GATA-1 COOH-terminal zinc fin-
ger region suggests possible additional roles of CP2 in mod-
ulating GATA-1 activity. The ability of the GATA-1 COOH-
terminal zinc finger to physically interact with CP2 was
unexpected on the basis of the functional experiments de-
scribed in the legend to Fig. 3C. In fact, these experiments
show a clear requirement for CP2 binding to DNA, in order
to activate transcription. Thus, the simple binding of GATA-1
to its cognate element is not sufficient to recruit CP2 into a
functionally active complex. Similarly, CP2 binding to the
DNA is not able to functionally recruit GATA-1 into an active
transcription complex in the absence of the GATA-1 binding
site (Fig. 3C). What then is the significance of the CP2-
GATA-1 protein-protein interaction? One possibility is that
the binding of either CP2 or GATA-1 to its respective site
helps to bring the partner onto its adjacent DNA binding site,
with the formation of a stable complex. An additional, and not
mutually exclusive, possibility is supported by the observation
that CP2 binds to the COOH-terminal zinc finger region of
GATA-1. Several other transcription factors are known to bind
GATA-1 at the COOH-terminal zinc finger, positively or neg-
atively modulating its activity (6, 11). Binding of CP2 to the
zinc finger may positively or negatively influence the interac-
tion of GATA-1 with other potential partners. These studies
form the basis of our ongoing work.
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