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Abstract
Objective—We previously demonstrated a silencing role for Stat3 in γ-globin gene regulation in
primary erythroid cells. Recently GATA-1, a key transcription factor involved in hematopoietic cell
development was shown to directly inhibit the activity of Stat3 in vivo. Therefore we completed
studies to determine if interactions between these two factors influence γ-globin gene expression.

Methods—Chromatin immunoprecipitation (ChIP) assay was used to ascertain in vivo protein
binding at the γ-globin 5’untranslated region (5’UTR); protein-protein interactions were examined
by co-immunoprecipitation analysis. In vitro protein-DNA binding were completed using surface
plasmon resonance and electrophoretic mobility shift assay (EMSA). Activity of a luciferase γ-globin
promoter reporter, and levels of γ-globin mRNA and fetal hemoglobin in stable K562 cell lines over-
expressing Stat3 and GATA-1 were used to determine the influence of the Stat3/GATA-1 interaction
on γ-globin gene expression.

Results—We observed interaction between Stat3 and GATA-1 in K562 and mouse erythroleukemia
cells in vivo at the γ-globin 5’UTR by ChIP assay. EMSA performed with a 41 base pair DNA probe
(γ41) demonstrated the presence of Stat3 and GATA-1 proteins in complexes assembled at the γ-
globin 5’UTR. A consensus Stat3 binding DNA probe inhibited GATA-1 binding in a concentration-
dependent manner, and the converse was also true. Enforced Stat3 expression augmented its binding
at the γ-globin 5’UTR in vivo and silenced γ-promoter driven luciferase activity. Stable enforced
Stat3 expression in K562 cells reduced endogenous γ-globin mRNA level. This effect was reversed
by GATA-1.

Conclusion—These data provide evidence that GATA-1 can reverse Stat3-mediated γ-globin gene
silencing in erythroid cells.
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INTRODUCTION
The human β-like globin genes are sequentially expressed during development to produce the
γ- to β-globin switch involving a reciprocal decrease in hemoglobin F (HbF) and increase in
adult hemoglobin A (HbA) synthesis [1]. Mutations in β-globin produce major
hemoglobinopathies such as sickle cell disease and β-thalassemia. Increased HbF synthesis
ameliorates the clinical severity of both disorders which provides a rationale for
pharmacological reactivation of γ-globin expression after birth [2–4].

Modules involved in regulating the β-like globin genes include promoter consensus binding
sites and the locus control region (LCR), critical for high-level globin gene expression [5]. The
transcription factor GATA-1 [6,7] and several others including Stat3 [8], CCAAT displacement
protein [9], fetal kruppel like factors [10,11], CP2, NF-E4 [12], and the DRED complex [13]
have been implicated in γ-globin gene regulation. GATA-1 and Stat3 function both as trans-
activators and repressors of gene expression [14–18] suggesting that γ-globin gene silencing
may involve interaction between these proteins.

We previously demonstrated the ability of Stat3 to silence γ-globin gene expression after
interleukin-6 (IL-6) treatment [8]. IL-6 binds its cognate receptor gp130 [19,20] to trigger Janus
kinase 2 activation [21]; subsequently, Stat3 is phosphorylated, undergoes dimerization and
translocates to the nucleus [22]. Stat3 partners include Stat1 [23], caveolin-1, clathrin, adaptins
and chaperone proteins [24]. Human CD34+ cells express gp130 however the soluble IL-6
receptor is required to sensitize progenitors to the effects of IL-6 [25] and mediates Stat3
activation [26] to stimulate cell expansion during erythropoiesis [27,28]. A recent study
demonstrated that Stat3 function is altered by GATA-1 through protein-protein interactions in
murine hematopoietic cells [17]. Structure-function analysis showed direct binding of the
GATA-1 N-zinc finger to the DNA binding domain of Stat3 to impede gp130-dependent cell
signaling. These findings support an emerging paradigm that GATA-1 antagonizes Stat3
activity.

We performed studies to determine if interactions between Stat3 and GATA-1 play a role in
γ-globin expression. Protein-protein interactions between the two factors and in vivo binding
for Stat3 and GATA-1 in the γ-globin 5’UTR was confirmed in K562 cells. Enforced Stat3
expression silenced γ-globin promoter activity in a luciferase reporter system which was
reversed by increased GATA-1 levels. Stat3 over-expression in K562 stable lines decreased
γ-globin mRNA levels and HbF synthesis which was reversed by GATA-1. We propose a
mechanism whereby GATA-1 reverses the negative regulatory effect of Stat3 on γ-globin gene
expression.

MATERIALS AND METHOD
Tissue Culture and Reagents

K562 cells were cultured in Iscove's Modified Dulbecco's Medium containing 10% fetal bovine
serum, penicillin (100 units/ml), and streptomycin (0.1 mg/ml). K562 cells were grown in the
presence of IL-6 (100 ng/ml), butyrate (2 mM) or hemin (50 µM) for 48 hrs.

Western Blot
K562 cells from the various conditions were mixed with lysis buffer (Promega, Madison, WI)
to isolate total protein. Fifty to 100 µg of protein was resolved on a 12% SDS-PAGE gel,
transferred to a nitrocellulose membrane and hybridized with 1:250–500 dilution of pStat3
(sc-8059) or GATA-1 (sc-13053) antibody (Santa Cruz Biotechnology, Santa Cruz, CA). After
incubation with secondary antibody (1:5000) bands were detected using the ECL system
(Amersham Piscataway, NJ); membranes were stripped and probed with actin (Chemicon,
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Temecula, CA) or total Stat3 (sc-8019; Santa Cruz Biotechnology) antibody as loading
controls. For immunoprecipitation (IP) reactions protein was pre-cleared with protein A
agarose, treated with GATA-1 antibody, and then complexes were precipitated with pStat3
antibody followed by western blot analysis. The reverse studies with Stat3 IP and GATA-1
western blot were completed as well.

Reporter Constructs and Expression Plasmids
The reporter construct −201γLuc containing the γ-globin promoter from −201 to +36 relative
to the cap site, cloned upstream of the luciferase gene in the pGL3-Basic plasmid (Promega)
was used for enforced expression studies. A mutant reporter −201γLuc(m) carrying the TATC
to GGCG substitution at base +26 to +29 was tested as well. The pZeoSV-LacZ (Invitrogen,
Carlsbad, CA) and pEGFP-N1 (Clontech, Palo Alto, CA) plasmids were used to produce the
Stat3 and GATA-1 expression vectors respectively. The cDNA for each gene was generated
by PCR with primers shown in Table 1. For subcloning, the Stat3 primers contained ScaI and
AgeI sites and the GATA-1 primers contained XhoI and SalI restriction sites. The inserts were
confirmed by direct sequencing.

ChIP Assay
ChIP assays were performed using a kit purchased from Upstate Biotechnology (Lake Placid,
NY) as previously published [29]. Briefly, K562 cells (1×107) were treated with 1%
formaldehyde and protease inhibitors. After cell lysis, approximately 800 bp DNA fragments
were generated using the Misonix Sonicator 3000 (Farmingdale, NY). Chromatin was pre-
cleared with protein A agarose and then IP was completed with pStat3, GATA-1, pStat1
(sc-8394), pStat5 (sc-11761), TFIID (sc-204X), and histone deacetylase 1 (sc-7872) antibodies
purchased from Santa Cruz Biotechnology, Inc.; IgG antibody was purchased from Sigma (St
Louis, MO). For enforced expression studies, 15µg of pZeoStat3 or pEGFP-GATA-1 vector
was electroporated into K562 cells for 24 hrs and then ChIP assays were completed.

Quantitative PCR (qPCR) Analysis
Reverse transcription combined with qPCR analysis was used to measure γ-globin and
glyceraldehyde-3-phosphate dehydrogenase (GAPD) gene expression levels as previously
published [29]. cDNA was generated from total RNA (1 µg) using the Improm-II reverse
transcriptase system (Promega, Madison, WI). qPCR reactions were performed using the iQ
SyberSupermix (BioRad, Hercules, CA) and gene-specific primers (Table 1). Input DNA in
the range of 0.5 to 500 ng was used to generate standard curves.

Surface Plasmon Resonance (SPR)
K562 cell nuclear extract [30] and recombinant Stat3 protein (a gift from Dr. Richard Jove,
City of Hope, Comprehensive Cancer Center, Duarte, CA) were tested for DNA-protein
interactions using a BIAcore 2000 system (Piscataway, New Jersey). Various γ-globin
oligonucleotide probes were immobilized on detection surfaces and perfused with protein
dissolved in 10 mM Hepes-NaOH, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 0.005% P20, at a
flow rate of 3 ml/min. Sensor surfaces were regenerated between binding experiments with
buffer containing 10 mM Hepes-KOH, pH 10.8 50mM KH2PO4 and 1 M NaCl. The SPR data
was generated in resonance units (RU) that correlate with the concentration of molecules on
the surface layer [31]. Two SPR probes, +9Sγ (+11 to +18) and +26Sγ (+23 to +37) were
synthesized with a 5’-biotin label (Fisher Scientific, Waltham, MA). Equivalent amounts of
each probe (500 RU ± 10) were captured on sensor surfaces pre-immobilized with streptavidin.
One flow cell without bound probe was used as a reference control for bulk refractive index
differences in the injected samples. The +9γ and +26γ probes were analyzed with recombinant
Stat3 protein or K562 nuclear proteins at 1:5 to 1:40 dilutions in the presence of 4 µg/ml of
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poly (dI:dC). RUs were recorded for 5 min and binding curves were documented in triplicate
as previously published [32].

Electrophoretic Mobility Shift Assay (EMSA)
K562 extract was analyzed with the γ41 probe from +1 to +41 relative to the γ-globin cap site;
the mutant γ41 probe (+26γ41m) contains the TATC to GGCG base changes at position +26.
The wild-type γS3 (+1 to +22) and γS3/G (+20 to +41) probes were used to test DNA-protein
interactions at each element independently. Control Stat3 (sc-2571) and GATA-1 (sc-2531)
consensus probes were purchased from Santa Cruz Biotechnology. All probes were labeled
with [γ-32P]ATP and purified using a G-50 column (Amersham, Piscataway, NJ). For super
shift experiments probes (30,000 cpm) were incubated with 5 µg of nuclear proteins and 2 µg
of target antibody. Competitive binding reactions were performed using Stat3 consensus oligo
at 50- and 100-fold excess of GATA-1 probe and vice versa.

Transient Transfections
K562 cells (1×107) were transfected with 10 µg of reporter plasmid and 3 µg of β-galactosidase
plasmid (Promega) to monitor transfection efficiency. For co-transfection studies 15 µg of
pZeoStat3 or pEGFP-GATA-1 expression vector was electroporated at 260 V and 975 µF
(Gene Pulser II, BioRad) with the reporter plasmid. The corresponding empty vectors pZeoSV-
LacZ and pEGFP-N1 were tested as controls. Cells were harvested at 24 hrs in luciferase lysis
buffer (Promega) and luciferase activity determined on a Turner Designs luminometer
TD-20/20. β-Galactosidase activity was measured per the manufacturer’s protocol
(Calbiochem, La Jolla, CA). Luciferase activity was reported after subtracting the activity of
empty vectors and normalization to β-galactosidase activity and total protein.

Stable Lines
Linearized pZeoStat3 or pEGFP-GATA-1 vector (10 µg) was electroporated into 107 K562
cells; after three days 50 µg/ml Zeocin (Invitrogen) or 500 µg/ml G418 (Sigma) was added for
21 days and then single cell clones were obtained by serial dilutions. Stat3 and GATA-1
enforced expression was confirmed by western blotting.

Expression vector copy number was calculated using a qPCR method [33]. Genomic DNA was
isolated using FlexiGene DNA kit (Qiagen) and used to generate standard curves. The copy
number of the transfected genes (pZeoStat3 and pEGFP-GATA-1) and GAPD was measured
in stable clones and wild-type K562 cells. The primers used for gene quantification are shown
in Table 1. The relative copy number (Q) of target gene versus the GAPD gene was calculated
using the following equation:

Where Ns is the ratio of target gene divided by the GAPD copy number in stable clones and
Nk is the analogous calculation for K562 cells. NsT is the copy number of target gene in stable
cell clones and NkT the copy number of the target gene in K562 cells. Finally NsG and NkG

represent the copy number of GAPD in stable cell clones and K562 cells respectively.

Fetal Hemoglobin Levels by Enzyme Linked Immunoassay (ELISA)
Total hemoglobin was quantified using 20 µl of protein extract from treated K562 cells mixed
with 5 ml of Drabkin’s reagent (Sigma, St. Louis, MO) and then cyanmethemoglobin was
measured at 540nm. HbF levels were measured using the Human Hemoglobin F ELISA
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Quantitation Kit (Bethyl Laboratory, Montgomery, TX). Briefly, 96-well plates were coated
with sheep anti-human HbF antibody (1mg/ml) and then after blocking with 1% bovine serum
albumin. After incubation of protein for one hour horse radish peroxidase-conjugated
secondary antibody (1mg/ml) was added and then tetramethyl benzidine substrate was read at
450 nm. Raw data were analyzed using GraphPad PRISM (GraphPad Software, Inc., La Jolla,
CA) and normalized by total protein and hemoglobin levels.

Statistical Analysis
Each experiment was repeated three to five times independently, and data are shown as the
mean ± standard error of the mean (SEM). The student's t-test was used to determine the
statistical significance at p<0.05.

RESULTS
Stat3 and GATA-1 undergo protein-protein interactions and bind the γ-globin 5’UTR in vivo

We first performed studies to determine if GATA-1 physically interacts with Stat3 in human
erythroid cells. Nuclear protein was IP with p-Stat3 or GATA-1 antibodies and then screened
by western blot. At baseline GATA-1 was absent in HeLa cells however we confirmed
ubiquitous Stat3 protein synthesis (Fig. 1A). When nuclear protein was IP with GATA-1
antibody followed by Stat3 western blot (Fig. 1B), an 89 kDa band was identified with K562
and MEL cell extracts only. Similar studies were performed with pStat3 immune complexes
where a 46 kDa band was observed with GATA-1 antibody in erythroid cells (Fig. 1C). Another
band was observed with HeLa extract believed to represent non-specific binding since a similar
band was produced with pre-immune serum. These findings demonstrated co-
immunoprecipitation of pStat3 and GATA-1 in K562 and MEL cells similar to that observed
in murine Ba/F3 cells [17].

Studies have demonstrated the ability of Stat3 [8,34] and GATA-1 [35,36] to influence γ-globin
gene expression independently however whether a combined action occurs has not been
investigated. Therefore in vivo binding studies were performed by ChIP assays in the γ-globin
5’UTR to test the consensus Stat3 site at nucleotide +9 and predicted Stat3/GATA-1 site at
position +26 (Fig. 2A). To determine the degree of non-specific protein binding, ChIP assay
was performed with IgG antibody for the different experimental conditions producing
chromatin enrichment in the range of 1.4–1.6 RU (Fig. 2B). Therefore chromatin enrichment
for TFIID and Stat3 was compare to levels obtained with IgG. At steady state TFIID was bound
26.9-fold higher than IgG but was decreased 16.9-fold by IL-6. Treatment with butyrate and
hemin increased TFIID binding 6.0-fold and 9.8-fold respectively above levels without
treatment (Fig. 2B). Similar experiments to analyze in vivo Stat3 binding showed 4.9-fold
chromatin enrichment at steady state. IL-6 (50 ng/ml) increased in vivo Stat3 binding 4.6-fold
above baseline in contrast to hemin which decreased Stat3 binding 3-fold while butyrate had
little effect (Fig. 2B).

Subsequent studies were performed to determine other proteins that interact in the γ-globin
gene 5’UTR. GATA-1 immunoprecipitation produced 3.4-fold chromatin enrichment (Fig.
2C) compared to a lack of in vivo binding in this region for pStat1, pStat5, and histone
deacetylase 1. Treatment with IL-6 simultaneously decreased GATA-1 binding (1.6-fold) and
increased pStat3 binding 4.6-fold above baseline (Fig. 2C). IL-6 treatment had no effect on
chromatin binding for Stat1, Stat5 or histone deacetylase 1.

The γ-globin 5’UTR contains high and low affinity Stat3 binding sites
Evidence for Stat3 binding in the γ-globin promoter is limited, thus additional experiments
were performed to determine the binding affinities of Stat3 using surface plasmon resonance
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(SPR) technique. Two SPR γ-globin probes including +9γ (+11 to +18) and +26.γ (+23 to +37)
specifically targeted to the Stat3 consensus sites were 5’-biotinylated and immobilized to
streptavidin conjugated sensor chips. Active K562 nuclear protein binding was recorded for 5
min in SPR response units (SRU). Control experiments were completed in the absence of
nuclear extract to determine nonspecific binding. A correlation between SRU and increasing
concentrations of K562 nuclear proteins was observed (Fig. 3A). Binding to the +9γ probe
reached a maximum 2,000 SRU at the 1:5 protein dilution which was higher than the maximum
binding of 1,350 SRU for the +26γ probe at the same dilution (Fig. 3B). Furthermore, a higher
amount of protein binding to the +9γ probe was evident at every concentration (Fig. 3C)
however these results were not proof that Stat3 was bound per se. To address this issue, SPR
was performed with recombinant activated Stat3 protein. Differential binding of Stat3 to the
+9γ and +26γ elements was confirmed (Fig. 3D). Stat3 binding to the +9γ probe reached a
maximum 950 SRU, which was over 2-fold higher than levels obtained with the +26γ probe
(Fig. 3E). EMSA was completed with recombinant Stat3 protein which produced a prominent
complex on the +9γ probe similar to that produced with the Stat3 consensus probe (Fig. 3F).
Collectively, these data provide evidence that Stat3 binds a high-affinity +9γ and lower-affinity
+26γ site. Purified GATA-1 protein was not available to complete similar studies.

Stat3 and GATA-1 bind in the γ-globin 5’UTR in vitro
EMSA was performed to dissect the cis-elements in the γ-globin 5’UTR bound by Stat3 and
GATA-1, using K562 nuclear extracts and the wild-type γ41 (+1 to +41), γS3 (+1 to +22) and
γS3/G (+20 to +41) probes shown in Fig. 4A. A four base pair mutation was engineered in the
GATA-1/Stat3 binding site to produce the +26γ41m probe. Five major DNA-protein
complexes formed with the γ41 probe and four complexes were competed significantly with
self cold probes (Fig. 4B, lanes 2 and 3). Unlabeled Stat3 consensus probe markedly increased
the intensity of B4 (lanes 2 and 4) while abolishing the B3 complex. By contrast the B4 DNA-
protein complex was decreased by GATA-1 cold competitor (lanes 2 and 5). The EMSA
findings for the B4 complex shown in lanes 4 and 5 suggest competitive Stat3 binding to its
consensus site may allow increased GATA-1 binding to the γ41 probe.

Amrolia et al. demonstrated that mutations in the interval +24 to +29 enhanced γ-globin gene
transcription suggesting the presence of a repressor activity in this region [35]. To ferret out
complexes bound to the overlapping Stat3/GATA-1 site at position +26, we tested a mutant
γ41 probe (+26γ41m) shown in Fig. 4A. Two specific complexes formed with the γS3 and
γS3/G probes (Fig. 4C) similar to that observed with the Stat3 consensus. Interestingly,
mutating the GATA-1 site in the +26γ41m probe, produced the B1m and B2m complexes
presumably due to Stat3 binding in the +9γ Stat3 element supported by competition and
antibody studies (Fig. 4D, lanes 1–3). Both complexes were competed by GATA-1 consensus
sequence however GATA-1 antibody abolished only the B2m band (lanes 4 and 5). These data
suggest that Stat3 and GATA-1 bind the B2 complex.

A final set of in vitro binding studies determined whether Stat3 and GATA-1 compete for
binding to target consensus sites. K562 nuclear extract produce three major bands with Stat3
probe (Fig. 4E, lane 2) which were abolished by increasing molar concentrations of GATA-1
competitor (lanes 3 and 4). In the converse experiments there was lost of GATA-1 binding to
its consensus site in the presence of increasing molar excess of Stat3 probe (Fig 4F). These
data provide evidence that Stat3 and GATA-1 compete for binding to their cognate binding
sites.

Functional antagonism occurs between Stat3 and GATA-1
The final studies were aimed at determining if GATA-1 could reverse Stat3-mediated γ-globin
silencing to support functional antagonism. We observed 2-fold increased Stat3 and GATA-1
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binding in the γ-globin 5’UTR in vivo after enforced pZeoStat3 or pEGFP-GATA-1 expression
in K562 cells (Fig. 5A). However, enforced expression of both proteins reduced interaction of
each in the target region suggesting competitive binding. To test the functional consequences
of this interaction we investigated the −201γLuc wild type or mutant −201γLuc(m) reporters.
Enforced pZeoStat3 expression decreased −201γLuc luciferase activity by 50% (Fig. 5B), but
the −201γLuc(m) reporter was not repressed by Stat3. Similar studies completed with pEGFP-
GATA-1 produced a 12-fold increase in luciferase activity in the wild-type reporter which was
reversed for −201γLuc(m) (Fig. 5B). When both factors were over-expressed simultaneously,
GATA-1 blocked the ability of Stat3 to silence γ-globin promoter activity (Fig. 5B).

To further investigate the functional interactions between Stat3 and GATA-1 we established
K562 stable clones. Increased Stat3 and GATA-1 expression was verified by western blotting
for three independent clones (Fig. 5C). In the pZeoStat3 clones, γ-globin mRNA levels were
reduced 60% however, enforced pEGFP-GATA-1 expression increased γ-globin mRNA 7.4-
fold (p<0.05) (Fig. 5D). The non-specific effects produced by the empty vector controls pZeo-
LacZ and pEGFP-N1 were subtracted from values shown in the graph. Enforced expression
of both proteins produced γ-globin mRNA levels higher than those observed in pZeoStat3
clones, suggesting antagonism between the transcription factors (Fig. 5D).

Final studies were completed to correlate changes in the endogenous γ-globin mRNA with
HbF levels in stable clones. By ELISA there was a 70% decrease in HbF protein in the
pZeoStat3 clones (Fig. 5E) compared to a 2.5-fold increase in pEGFP-GATA-1 clones. When
expressed together, GATA-1 reversed Stat3 mediated inhibition of HbF synthesis, a result
consistent with in vivo functional antagonism between these factors.

DISCUSSION
This study was designed to elucidate mechanisms for Stat3-medicated γ-globin gene
regulation. Previous investigations from our laboratory demonstrated that IL-6 activates
Stat3β to silence γ-globin expression. [8]. Subsequently, Kirito et al. demonstrated the ability
of Stat3 to inhibit erythropoietin-mediated γ-globin induction in UT-7 human cells [37]. To
gain insights into mechanisms of γ-globin regulation by Stat3 we demonstrated interaction
between Stat3 and GATA-1 in vitro and in vivo, and their binding collectively to the γ-globin
5’UTR. Furthermore, our ChIP data suggests that IL-6 silences γ-globin transcription through
increased Stat3 binding in this region facilitated in part by competition with GATA-1.

Stat3 and GATA-1 act downstream of multiple cytokines with complementary attributes on
hematopoiesis. IL-6 stimulates cell expansion and erythropoiesis through Stat3 activation
[27,28] although Stat5 is the major target of erythropoietin-mediated signaling during erythroid
differentiation [38]. Indeed, Stat5 knock-out mice show a mild anemia which is compensated
by Stat1 and Stat3 activation by erythropoietin [39]. Erythropoietin also induces GATA-1
expression to stimulate a program of erythroid gene expression [40] and maturation of erythroid
progenitors [41].

GATA-1 has multiple protein partners including Stat3, Stat5, FOG-1, TAL-1, and Gfi-1b
among others [17,42,43]. GATA-1 was first identified as a trans-activator [42], however its
ability to mediate gene repression can be achieved through different DNA binding sequences
such as palindromic GATA-1 motifs and double GATA sites [44,45]. GATA-1 repressor
activity has been implicated in naturally occurring mutations in the γ-globin genes associated
with persistent HbF synthesis after birth. These include point mutations at base −175 (T→C)
and −173 (T→C) of the γ-globin promoter which reduces GATA-1 binding and produces
elevated HbF levels in humans and transgenic mice respectively [46]. Likewise, the −567 and
−566 GATA-1 sites in the Gγ- and Aγ-globin promoter respectively have been associated with
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gene silencing [47,48]. Amrolia et al. defined a repressor element in the γ-globin 5’-UTR,
which was bound by a complex of two proteins, identified as GATA-1 and a ubiquitous
negative regulator [35].

Data generated in our study strongly suggest that Stat3 binds the γ-globin 5’UTR to silence γ-
globin transcription while GATA-1 binds the same region to enhance γ-promoter activity.
Collectively, these data suggest a model whereby GATA-1 acts as either a direct repressor or
interacts with factors that bind nearby canonical sites to silence gene expression as proposed
by Amrolia and coworkers [35]. These findings provided a rationale for investigating the
functional relevance of Stat3/GATA-1 interactions in γ-globin gene silencing by Stat3.

We generated data demonstrating that GATA-1 is recruited to the proximal γ-globin promoter
similar to findings from a previous study [49]. Moreover we discovered that Stat3 is recruited
to the same region, where it interacts with GATA-1 at the γ-globin 5’UTR. While this finding
is novel, Ezoe and coworkers were the first to demonstrate physical interaction between Stat3
and GATA-1 mediated by the N-terminal GATA-1 zinc finger and the DNA-binding domain
of Stat3. Our data shows that the functional outcome of this interaction is attenuation of the
transcriptional effect each factor exerts on the γ-globin gene. This attenuation is evident in
vitro and in vivo, and is consistent with alterations in DNA binding. To the best of our
knowledge the 43 kDa PU.1 transcription factor is the only known factor to inhibit GATA-1
function by blocking DNA binding [50,51]. This is accomplished by PU.1 binding to the C-
finger of GATA-1, the domain also likely to bind to the γ-globin 5’UTR sequence given its
inverted GATA core motif.

To elucidate molecular mechanisms for Stat3/GATA-1 interaction in the γ-globin 5’UTR, we
mapped high and low affinity Stat3 elements at the +9γ and +26γ probes by SPR with
recombinant Stat3 protein. At +26 in γ-globin 5’UTR is an overlapping consensus Stat3
(TTATCAA) and tandem inverted GATA-1 (GATTATC) site. The DNA binding domain of
Stat3 resides between amino acids 400–500 and in vivo Stat3 binding is blocked by interaction
with the GATA-1 N-finger [17]. GATA-1 contains a C-terminal zinc finger, which is both
necessary and sufficient for independent DNA binding to the GATA motif (A/T)GATA(A/G)
[52]. In contrast, the N-terminal finger of GATA-1 interacts with co-regulatory proteins such
as Friend of GATA [53] and is required to stabilize high-affinity GATA-1 C-finger interactions
with naturally occurring double GATA sites [44,45]. Work by Crossley and colleagues
confirmed the ability of the N-finger of GATA-1 to also directly bind a core GATC motif
[54]. Therefore, GATA-1 binds DNA with both C- and N-fingers with the former binding to
core GATA sequences, and the latter binding motifs with GATC core sequences.

In our experimental system enforced Stat3 expression in K562 stable lines produced γ-globin
silencing which was reversed by simultaneous GATA-1 over-expression. Therefore the
reversal of Stat3-mediated γ-globin silencing by GATA-1 are consistent with a mechanism of
GATA-1 directly blocking access of the Stat3 DNA-binding domain to the γ-globin 5’UTR.
In a similar manner, GATA-1 has been shown to block IL-6-induced macrophage
differentiation [55] suggesting an inhibitory effect of GATA-1 involving IL-6-mediate Stat3
activation. The ability of Stat3 to inhibit GATA-1 trans-activation is likely due to alteration of
GATA-1 sufficient to destabilize its binding to the γ-globin 5’UTR. Firstly, the N-finger of
GATA-1 is required to stabilize its binding to DNA, and this domain is sequestered by Stat3,
which may deprive GATA-1 of high-affinity interaction with DNA. Secondly, Stat3 forms
high order structures that may sterically hinder GATA-1 binding. This idea is supported by
reports showing that Stat3 dimers bound to DNA can form tetramers on tandem STAT binding
sites [33] such as those present in the γ-globin 5’UTR at nucleotide +9 and +26, which may
further destabilize GATA-1 binding. Experimental data are required to substantiate these
mechanisms.
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The data presented herein support a competitive interaction between the Stat3 and GATA-1
trans-factors in γ-globin gene expression in response to IL-6 treatment. A possible role for
Stat3 signaling in silencing erythroid-specific gene during commitment of the bi-potential
erythroid-megakaryocytic progenitor to the megakaryocyte lineage will be investigated in the
future.
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Fig. 1. Protein-protein interaction occurs between GATA-1 and Stat3
A) Western blot (WB) analysis was performed to determine pStat3 and GATA-1 protein levels
(see materials and methods). Phosphorylated Stat3 (pStat3) antibody (left blot) and the nuclear
proteins shown were used to demonstrate the presence of an 89kDa band in K562, HeLA and
mouse erythroleukemia (MEL) cells. Membranes were stripped and probed with total Stat3 (t-
Stat3) antibody as a loading control. WB with GATA-1 antibody (right blot) demonstrated its
presence in K562 and MEL cells extracts but not in non-hematopoietic HeLa cells. Actin was
used as a loading control. B) Immunoprecipitation (IP) reactions were performed with GATA-1
antibody or pre-immune serum (Pre-IS) followed by WB with pStat3 antibody. C) Nuclear
proteins from the indicated cells were immunoprecipitated with pStat3 antibody followed by
WB with GATA-1 antibody.
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Fig. 2. Interleukin-6 (IL-6) alters in vivo Stat3 and GATA-1 binding in the γ-globin 5’UTR
A) Shown are the sequence for the γ-globin 5’UTR and position of the primers used for qPCR
analysis. B) The levels of γ-globin 5’UTR chromatin enrichment obtained by qPCR analysis
of DNA isolated from ChIP assay in the absence (−) or presence (+) of drug treatments with
IL-6 (50 ng/ml), butyrate (2 mM) or hemin (50 µM) for 48 hrs is shown (see materials and
methods). Immunoprecipitations were performed with IgG, TFIID or pStat3 antibody. The
results are expressed as the mean ± standard error of the mean (SEM). The (*) indicate
significance at p<0.05 compared to normalized IgG control values. C) The levels of γ-globin
chromatin enrichment were quantified in the −/+ of IL-6 treatment for the different antibodies
shown. The (*) above the bar graph indicate significance at p<0.05 compared to normalized
IgG control values. The line and star above the graphs, −/+ IL-6 indicates a significant
difference in protein binding after IL-6 treatment.
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Fig. 3. High and low-affinity Stat3 binding sites exists in the γ-globin 5’UTR
Quantitative assessment of DNA-protein interactions was performed with two probes, +9γ
(+11 to +18) and +26γ (+23 to +37) by SPR analysis (see materials and methods). Biotin-
conjugated probes were separately bound to streptavidin-coated sensor chips and treated with
K562 nuclear extract or recombinant activated Stat3 protein. The level of protein binding to
target consensus sequence was measured in SPR response units (SRU). A) The +9γ probe was
analyzed with 1:5 to 1:40 dilutions of K562 nuclear proteins. Note the concentration-dependent
increase in RU readout. B) The same studies described in panel A were completed with the
+26γ probe. C) Shown in the graph is the quantification for protein bound to the γ-globin probes
from panels A and B. Binding studies were performed without nuclear extract (0:0) as a control.
The results are expressed as the mean ± SEM. The line above the graphs indicates a significant
difference in binding between the two probes at p<0.05. D) A graph showing the relative RU
generated by SPR analysis with activated pStat3 (pStat3-C) protein (1 µg). E) Quantitative
data collected from the SPR analysis completed in panel D. Binding studies were performed
in the presence and absence of recombinant pStat3-C protein. F) EMSA using recombinant
Stat3 protein and the γ-globin probes showed the formation of a single DNA-protein complex
with +9γ and consensus Stat3 probes in lanes 1 and 5 respectively. Formation of this complex
was abolished by cold self oligo competitor (lanes 2 and 6). Similar studies were performed
with the +26γ probe which produced a less prominent binding pattern which was competed by
cold self oligo (lanes 3 and 4).
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Fig. 4. Stat3 and GATA-1 bind cis-elements in the γ-globin 5’UTR in vitro
A) The sequence of the γ41 probe extends from nucleotide +1 to +41 relative to the cap site.
Also shown are the sequences of the γS3 and γS3/G probes (black arrows). The +9 Stat3 and
+26 overlapping GATA-1 (tatc) and Stat3 (TtatcAA) binding sites are underlined. A mutant
probe +26γ41m, was created by mutating the bases shown. B) EMSA was performed using
K562 cell nuclear proteins (5 µg) and the γ41 probe. Five major DNA-protein complexes (B1-
B5) were observed. Cold competition experiments with γ41, Stat3, GATA-1 and Stat5
consensus oligo are shown in lanes 3–6. C) DNA-protein interactions in γS3 and γS3/G probes
were also analyzed by EMSA. Two complexes (B1, B2) were observed with both probes (lanes
1 and 3) and a control Stat3 consensus probe (lane 5); both complexes were abolished with self
cold competitors. D) EMSA was completed with the +26γm probe in the absence or presence
of Stat3 and GATA-1 antibodies. Two DNA-protein complexes were established, labeled B1m
and B2m. Experiments with Stat3 or GATA-1 self oligo or the Stat3 and GATA-1 antibody
were completed. Note the disappearance of the B2m complex in the presence of both antibodies.
E) Radiolabeled Stat3 consensus probe was incubated with 5 µg of K562 nuclear extracts. The
Stat3 DNA-protein complexes were competed with increasing concentrations of GATA-1
oligo at 50-fold [GATA-1 (50)] and 100-fold [GATA-1 (100)] molar excess of cold GATA-1
probe. F) EMSA was performed with consensus GATA-1 probe which produced three
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complexes. Competition studies were completed with 50-fold [Stat3 (50)] and 100-fold [Stat3
(100)] molar excess of cold Stat3 consensus probe.
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Fig. 5. GATA-1 reverses Stat3-mediated γ-globin silencing in K562 stable clones
A) The change in Stat3 and GATA-1 binding in vivo in the γ-globin 5’UTR was measured after
transient transfection with 15µg of pZeoStat3 or pEGFP-GATA-1 expression vector alone or
15µg of each vector combined. Chromatin enrichment was measured by ChIP assay. The results
are expressed as the mean ± SEM. The (*) indicate significance at p<0.05 for chromatin
enrichment under the different experimental conditions. The bracket indicates the level of
trans-factor binding increased significantly after enforced protein expression. B) Luciferase
activity was measured in K562 cells transiently transfected with either the −201γluc or mutant
−201γLuc(m) reporter co-transfected with 15 µg of pZeoStat3 or pEGFP-GATA-1 alone or
combined (see materials and methods). Luciferase activity was normalized by β-galactosidase
and total protein (N=5 independent experiments). C) Using the expression vectors K562 stable
clones were established using the zeocin and G418 selectable markers. Enforced expression
of Stat3 and GATA-1 was verified by western blotting as shown in the figure; actin was used
as an internal control. D) The effect of enforced pZeoStat3 and pEGFP-GATA-1 expression
on γ-gene activity was analyzed at the mRNA level by qPCR. Shown are γ-globin mRNA levels
normalized by the internal control GAPD and copy number in each stable clone. Levels of
mRNA were calculated as a ratio to levels observed in wild-type K562 cells. E) The fold-
increase in HbF was measured by ELISA performed with anti-HbF monoclonal antibody (see
materials and methods). HbF levels were normalized by total hemoglobin (tHb), total protein
(tP) and copy number. Levels of HbF are shown as a ratio to levels observed in wild-type K562
cells.
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Table 1
Summary of primers used for the various analyses performed.

ChIP Analysis

γ-globin 5’UTR Forward: 5’-CGGCGGCTGGCTAGGGATGAA-3’

Reverse: 5’-CTGTGAAATGACCCATGGCG-3’

qPCR Analysis

GAPD Forward: 5’-GAAGGTGAAGGTCGGAGT-3’

Reverse: 5’-GAAGATGGTGATGGGATTTC-3’

γ-globin Forward: 5’-GGCAACCTGTCCTCTGCCTC-3’

Reverse: 5’-GAAATGGATTGCCAAAACGG-3’

Gene Copy Number

GATA1 Forward: 5’-AGCCCCTCCCCCAGTTTGTG-3’

Reverse: 5’-GCTCGGGGCAGTGGAGGAAG-3’

Stat3 Forward: 5’-TTGTGCTGATAGAGAACATTCGAC-3’

Reverse: 5’-ATATGCGGCCAGCAAAGAATC-3’

GAPD Forward: 5’-GAAGGTGAAGGTCGGAGT-3’

Reverse: 5’-GAAGATGGTGATGGGATTTC-3’
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