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The induction of Bcl-x,  is critical for the survival of late proerythroblasts. The erythroid-specific transcrip-
tional network that regulates Bcl-x; expression in erythropoiesis remains unclear. The activation of the central
erythropoietic transcriptional factor, GATA-1, leads to the early, transient induction of a transcription re-
pressor, Gfi-1B, followed by the late induction of Bcl-x; during erythroid maturation in G1ER cells. Chromatin
immunoprecipitation assays demonstrated that a constant level of GATA-1 binds to the Bcl-x promoter
throughout the entire induction period, while Gfi-1B is transiently associated with the promoter in the early
phase. The sustained expression of Gfi-1B abolished GATA-1-induced Bcl-x; expression. Here, we present
evidence that GATA-1 binds to the noncanonical GATT motif of the Bcl-x promoter for trans-activation. Gfi-1B
expressed at increased levels is recruited to the Bcl-x promoter through its association with GATA-1, sup-
pressing Bcl-x, transcription. Therefore, the down-regulation of Gfi-1B in the late phase of erythroid matu-
ration is necessary for Bcl-x;, induction. Furthermore, we show that the inhibition of Bcr-Abl kinase by
treatment with imatinib caused the up-regulation of Gfi-1B in K562 cells, where Gfi-1B also cooperated with
GATA-1 to repress Bcl-x, transcription. Gfi-1B knockdown by RNA interference diminished imatinib-induced
apoptosis, while the overexpression of Gfi-1B sensitized K562 cells to arsenic-induced death. These findings

illuminate the role of Gfi-1B in GATA-1-mediated transcription in the survival aspect of erythroid cells.

During erythrocyte development, it is essential that commit-
ted precursors be protected from cell death. It has been well
documented that the increased expression of Bcl-x; during
terminal erythroid maturation provides the antiapoptotic func-
tion for maintaining the viability of mature, definitive erythroid
cells (1, 9, 32). GATA-1, an erythroid-specific transcription
activator, has been shown to be an upstream activator of Bel-x;
expression, because the restoration of GATA-1 function in
immature G1E erythroblasts derived from GATA-1-deficient
embryonic stem cells (38) triggers erythroid maturation
through Bcl-x; induction (9, 39). Despite the presence of a
typical GATA sequence in the Bcl-x promoter, it was previ-
ously reported that mutations in the proximal GATA-1 binding
motif of the Bcl-x promoter have little effect on the promoter
activity (9). Since the expression of Bcl-x, mRNA displayed
delayed kinetics after GATA-1 induction, it has been proposed
that GATA-1 acts as an indirect activator of Bcl-x, transcrip-
tion (9). The details of the Bcl-x, transcriptional control by the
GATA-1-regulated transcriptional network remain undefined.

Gfi-1B (growth factor independence 1B) is a Gfi family
transcriptional repressor that contains a SNAG domain to
mediate transcriptional repression and a zinc finger domain at
its carboxyl terminus for DNA binding to the TAAATCAC(A
/T)GCA recognition sequence (the binding site motif is high-
lighted in bold) (11, 35, 41). Only a small number of Gfi-1B-
regulated genes are known, including p21, SocsI, Socs3, and
the Gfi-1B gene’s own promoter (14, 16, 35). Gene targeting
experiments have shown that Gfi-1B gene disruption results in
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embryonic lethality due to a loss of red blood cell formation,
indicating the necessary role of Gfi-1B in erythropoiesis (25).
In a previous study, the enforced expression of Gfi-1B in early
erythroid progenitor cells induced a drastic expansion of eryth-
roblast colonies, independent of erythropoietin. These Gfi-1B-
transduced cells exhibited massive apoptosis after 7 to 10 days
of culture, with a significant reduction of Bcl-x; expression
(22). Because the canonical consensus sequence recognized by
Gfi-1B was not found in the Bcl-x promoter region, it was
proposed that Gfi-1B does not exert its transcriptional repres-
sion function directly on the Bcl-x promoter (7, 22).

By searching the microarray database (39) for profiles of
gene expression after early and late GATA-1 activation in
GI1ER cells, we found that Gfi-1B is an early gene induced by
GATA-1 activation and that its expression level declines be-
fore the rise of the Bcl-x, transcript level in the late phase. Our
recent study has demonstrated that Gfi-1B interacts with
GATA-1 via the zinc finger domain of Gfi-1B. When Gfi-1B
expression is elevated, Gfi-1B forms a complex with GATA-1
which binds to the AATC motif of the Gfi-IB promoter to
repress transcription, conferring a negative feedback loop (14).
Interestingly, the Bcl-x promoter also contains several con-
served AATC motifs. These clues compelled us to investigate
whether both GATA-1 and Gfi-1B participate directly in
the regulation of Bcl-x, expression. Here, our data demon-
strate that GATA-1 binds to the Bcl-x promoter at the GATT
(AATC for the reverse strand) site for trans-activation and that
the enforced expression of Gfi-1B represses the Bcl-x pro-
moter in a GATA-1-dependent manner. Thus, Gfi-1B converts
GATA-1-mediated activation to repression. These results sug-
gest that the up-regulation of Gfi-1B is involved in suppressing
Bcl-x, transcription in the early phase of GATA-1 activation in
GI1ER cells, while the decrease of Gfi-1B expression in the late
phase allows GATA-1-mediated Bcl-x, transcription.
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In this study, we used K562 cells to investigate the regulation
of Gfi-1B expression in apoptotic induction. K562 is an eryth-
roleukemic cell line established by erythroblasts isolated from
a patient with chronic myelogenous leukemia (CML), which is
a myeloproliferative disorder associated with t(9;22) translo-
cation, which produces a BCR-ABL oncogene hybrid that en-
codes a chimeric protein, p210, with a hyperactive tyrosine
kinase (3, 8). The p210B-A"! protein activates several path-
ways, including the Ras/MEK/extracellular signal-regulated ki-
nase 1 and 2/phosphatidylinositol 3-kinase/Akt (26, 33), NF-«kB
(19, 23), and signal transducer and activator of transcription
(STAT) protein pathways (2, 13, 30, 31). Imatinib mesylate, an
inhibitor of Ber-Abl tyrosine kinase, is now widely used in
CML treatment (4, 5, 17, 27, 34). The action of imatinib in
killing cells expressing Ber-Abl has been attributed to the
inhibition of Bcl-x, transcription by blocking Ber-Abl/STATS
signaling (6, 13, 18, 21, 36). Here, we found that the treatment
of K562 cells with imatinib increased Gfi-1B expression, result-
ing in Gfi-1B occupancy of the Bcl-x promoter through the
formation of a complex of Gfi-1B and GATA-1. As a result,
Bcl-x, transcription was suppressed. Finally, we demonstrated
that the depletion of Gfi-1B expression in K562 cells dimin-
ished imatinib-induced apoptosis and that the overexpression
of Gfi-1B increased the susceptibility to arsenic-induced apop-
tosis. These results indicate the role of Gfi-1B in apoptosis and
emphasize the importance of GATA-1-Gfi-1B interaction in
transcriptional control for erythroid development.

MATERIALS AND METHODS

Materials. Imatinib mesylate (STI571; Gleevec) was provided by Novartis
Pharmaceuticals (Basel, Switzerland). Bcl-x; (54H6), STATS, and phospho-
STATS antibodies were purchased from Cell Signaling Technology (Beverly,
MA). Gfi-1B (B7) and GATA-1 (C-20 and N6) antibodies were from Santa Cruz
Biotechnology (Santa Cruz, CA). As,Oj3, anti-B-tubulin, and anti-Flag were from
Sigma (St. Louis, MO).

Plasmid construction. The Gfi-IB ¢cDNA was obtained by reverse transcrip-
tion-PCR (RT-PCR) from K562 mRNA and cloned in-frame into the BamHI
site of pCS2-MT. The gene expressing a nonfunctional mutant form of Gfi-1B,
expressed by pCS2-P2A-Gfi-1B, was derived from pCS2-Gfi-1B by using the
QuikChange XL site-directed mutagenesis kit (Stratagene). The pGL2-3.2 vec-
tor containing 3.2 kb of the murine Bcl-x promoter region fused to the promot-
erless pGL2 firefly luciferase reporter (10) was a generous gift of Gabriel Niinez.
The pGL2-3.2 plasmid was digested with HindIII to generate a 0.6-kb fragment
of the Bcl-x promoter region, which was subcloned into the pGL2 vector, pro-
ducing pGL2-0.6. Mutant versions of pGL2-0.6 (pGL2-0.6mutl and pGL2-
0.6mut2) were generated using the QuikChange site-directed mutagenesis kit
with a specific mutated primer that converts GATT (positions —404 to —401
relative to the translation start site) to GATC or AATT. pCMV2-GATA-1 and
the Gfi-I1B promoter constructs pGL2-hG (—145 to +19) and pCMV2-Gfi-1B
were described previously (14, 15). The MIGR1 and MIGR-CFlag-Gfi-1B
plasmids were from Dominique Duménil. The pRKS5-STATSA and pRKS5-
STAT5AAT713 plasmids were from James Thle. The pEQ-PAM3(-E) and pSV-
A-MLV-env plasmids were from Stephen Nimer.

Cell culture. G1ER cells were grown in IMDM (Invitrogen Life Technologies)
with 15% heat-inactivated fetal bovine serum (HyClone), erythropoietin (2
U/ml), and rat stem cell factor (50 ng/ml). The addition of B-estradiol (Sigma, St.
Louis, MO) at 107 mol/liter was used to activate the conditional GATA-1. K562
and 293T cells were maintained in RPMI 1640 medium and Dulbecco’s modified
Eagle’s medium (Invitrogen Life Technologies), respectively, supplemented with
10% heat-inactivated fetal bovine serum. NIH 3T3 cells were grown in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal calf serum.

RNA isolation and RT-PCR. Total RNA was isolated from cells at the indi-
cated times by using RNAzol B reagent (Tel-Test). cDNA was synthesized using
ImProm-II reverse transcriptase (Promega). Semiquantitative PCRs were per-
formed with cycling parameters of denaturation at 95°C for 30 s, annealing at
55°C for 30 s, and extension at 72°C for 30 s (27 cycles for the glyceraldehyde-
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3-phosphate dehydrogenase [GAPDH] gene and 32 cycles for Bcl-x; and Gfi-
1B). The primer sequences were as follows: human Gfi-1B sense primer, 5'-AA
CTTCGAGTGCCGCATGTGC-3', and antisense primer, 5'-TGATGAGGTT
GGAGCTCTGGC-3'; human Bcl-x; sense primer, 5'-TTCAGTGACCTGACA
TCCCAG-3’, and antisense primer, 5'-TGCATTGTTCCCATAGAGTTCC-3';
human GAPDH gene sense primer, 5'-CATGGCACCGTCAAGG-3’, and an-
tisense primer, 5'-CACCATGGGGGCATCAGC-3’; mouse Bcl-x; sense
primer, 5'-CTCTCCTACAAGCTTTCCCAG-3’, and antisense primer, 5'-CCA
GCGGTTGAAGCGCTCC-3'; mouse Gfi-1B sense primer, 5'-TTGGAGCAG
CATACTCACGTC-3', and antisense primer, 5'-AGATTGTGTTGACTCTCA
CG-3’; and mouse B-actin sense primer, 5'-ATGACCCAGATCATGTTTGAG-
3’, and antisense primer, 5'-GTACGACCAGAGGCATACAG-3'.

Retroviral production and cell infection. 293T cells were transiently trans-
fected with MIGR, pEQ-PAM3(-E), and pSV-A-MLV-env (20). Viral superna-
tants were collected at 48 h. The supernatant was centrifuged and filtered
through a 0.45-wm-pore-size filter. Cells were incubated with the retroviral
supernatant for 48 h in the presence of hexadimethrine bromide (8 pg/ml;
Sigma). Two consecutive transduction rounds were performed before starting
the assays.

Transfection and luciferase assays. NIH 3T3 cells were transfected using a
DNA mixture containing Lipofectamine (Invitrogen Life Technologies). After
transfection for 24 h, cells were analyzed for reporter activity.

K562 cells (5 % 10°) were suspended in 0.4 ml of RPMI 1640 medium in the
presence of DNA mixtures for electroporation by Gene Pulser (Bio-Rad) at 300
V and 960 wF. Transfected cells were assayed for both firefly and Renilla lucif-
erase activities by using the dual luciferase assay system (Promega).

Preparation of nuclear extracts and gel shift analysis. The preparation of
nuclear extracts from 293T cells and gel shift reactions were as described previ-
ously (15). A competitive DNA oligomer or GATA-1 (C-20; Santa Cruz, CA)
antibody was added to the nuclear extracts for 30 min on ice prior to the DNA
binding reaction. After the DNA binding reaction proceeded at room tempera-
ture for 25 min, samples were analyzed by electrophoresis at 150 V for 1.5 h
through nondenaturing 4% polyacrylamide gels. Gels were then dried for auto-
radiography.

ChIP and re-ChIP assays. Chromatin immunoprecipitation (ChIP) was per-
formed as described previously (14). In brief, cells (10%) were treated with
formaldehyde at a final concentration of 1% for 10 min at room temperature.
Glycine was added at a final concentration of 125 mM to quench cross-linking.
Cell lysates were sonicated to generate DNA fragments averaging <1 kb. After
preclearance, cell extracts were incubated with 2 pg of antibody at 4°C overnight,
followed by precipitation with protein A-Sepharose beads. After washing, elu-
tion, deproteination, and heating, immunoprecipitated DNA was extracted and
ethanol precipitated. DNA was resuspended in 50 pl of Tris-EDTA buffer. For
chromatin reimmunoprecipitation (re-ChIP), chromatin cross-linked to the im-
munocomplex was eluted by incubation with 50 pl of dithiothreitol (10 mM) at
37°C for 30 min. After centrifugation, the supernatant was diluted with a 20X
volume of buffer (20 mM Tris-HCI [pH 8.1], 150 mM NaCl, 2 mM EDTA, 1%
Triton X-100) and subjected to the ChIP procedure as described above. PCR was
applied to the immunoprecipitated DNA with the following thermal cycling
program: 30 s at 94°C, 30 s at 55°C, and 1 min at 72°C (30 cycles for the first ChIP
and 35 cycles for the re-ChIP), followed by a 5-min extension step at 72 °C. PCR
products were analyzed on 1.5% agarose gel and visualized by ethidium bromide
staining.

Immunoprecipitation. Cells lysed in 50 mM Tris-HCI buffer (pH 7.5) contain-
ing 1% Triton X-100, 150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 5 mM
NaF, and proteinase inhibitors (Sigma) were centrifuged at 10,000 X g for 5 min
and precleared by incubation with normal mouse immunoglobulin G (IgG) and
protein A beads for 30 min at 4°C. The supernatants were immunoprecipitated
using GATA-1 antibody and protein A beads. The beads were then washed four
times with the lysis buffer, and the proteins on the beads were separated by
SDS-10% polyacrylamide gel electrophoresis.

Biotinylated-oligonucleotide pulldown assay. Nuclear extracts from K562 cells
(5 X 107) were prepared as described previously (15). Biotinylated double-
stranded oligonucleotides (wild type, 5'-AGGCGGATTTGAATG-3’, and mu-
tant, 5'-AGGCGAATTTGAATG-3' [the mutated and corresponding wild-type
sequences are underlined]) coupled to streptavidin-agarose beads were incu-
bated with 50 ug of the extracts at 30°C for 10 min, followed by six washings with
the binding buffer containing 150 mM NaCl prior to separation on SDS-poly-
acrylamide gel for immunoblot analysis. For competition experiments, the ex-
tracts were incubated with the wild-type-oligonucleotide-coupled beads in the
presence of a 50-fold molar excess of either the wild-type (5'-CACTTGATAC
AGAAAGTGATAACTCT-3') or mutant (5'-CACTTCTTACAGAAAGTCTT
AACTCT-3") oligonucleotide.
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FIG. 1. Induction of Bcl-x, mRNA by GATA-1 in G1ER cells was
repressed by the enforced expression of Gfi-1B. (A) G1ER cells in-
fected with Flag-Gfi-1B-encoding (MIGR-Gfi-1B) or control (MIGR)
retroviruses were treated with B-estradiol (1077 M) to activate
GATA-1, after which cells were harvested at the times indicated for
RNA preparation followed by RT-PCR analysis using primers specific
for mouse Gfi-1B, human Gfi-I1B (for MIGR-CFlag-Gfi-1B), mouse
Bcl-x;, and mouse B-actin. (B) Densitometric evaluation of relative
levels of mouse endogenous Gfi-1B and Bcl-x; RNA normalized by the
B-actin mRNA level in each sample of MIGR1 (left panel)- or MIGR-
CFlag-Gfi-1B (right panel)-transfected G1ER cells.

RNA interference experiments. Small interfering RNAs (siRNAs) targeting
human Gfi-1B and GATA-1 were obtained from Dharmacon siGenome SMART
pools, and control siRNAs targeting the firefly luciferase gene were purchased
from Dharmacon. Cells (10°) were electroporated with 0.4 g of siRNA by using
a Bio-Rad apparatus (voltage, 280 V; capacitance, 250 pF) (7).

Apoptosis assay. An annexin V-fluorescein isothiocyanate (FITC) apoptosis
detection kit (Oncogene) was used for measuring apoptosis. Cells were harvested
after treatment and stained with 1.25 wl of FITC-conjugated annexin V reagent.
After 15 min of incubation at room temperature, cells were added to 1 pl of
propidium iodide and then analyzed by flow cytometry. Flow cytometry was
performed with a FACScan II analyzer (Becton Dickinson). Annexin V staining
was detected in the FL1 channel, whereas propidium iodide staining was mon-
itored in the FL2 channel.

10% input

Gfi-1B AND GATA-1 IN Bcl-x;, TRANSCRIPTION 4263

RESULTS

Enforced expression of Gfi-1B in G1ER cells repressed
GATA-1-induced Bcl-x; expression. As an initial attempt to
know whether Gfi-1B is involved in the regulation of Bel-x
expression in erythroid cells, we tested the effect of the en-
forced expression of Gfi-1B in G1ER cells on Bcl-x; expres-
sion. G1ER cells that stably express GATA-1 fused to the
ligand binding domain of the human estrogen receptor (9, 38,
40) were exposed to B-estradiol to activate GATA-1, by which
synchronous erythroid maturation was triggered. We infected
GI1ER cells with retrovirus generated from full-length Flag-
Gfi-1B or the empty MIGR retroviral vector and measured
Bcl-x; transcript levels in response to GATA-1 activation by
the semi-RT-PCR method. At 6 h after the B-estradiol treat-
ment of cells infected with the control virus, the Gfi-IB RNA
level was markedly elevated, and it declined to the basal level
at the time point of 16 h, while the Bcl-x, RNA level did not
increase until 16 h after GATA-1 activation and remained
elevated at 24 h (Fig. 1A and B, left panel). In general, patterns
of Gfi-1B and Bcl-x, RNA expression in G1ER cells infected
with the control retrovirus were similar to the data deposited in
the G1EDDb microarray database (data not shown) (39). The
early induction of Gfi-1B after GATA-1 activation is consistent
with our previous finding that GATA-1 is a direct activator
of the Gfi-1B promoter (15). Interestingly, the infection of
GI1ER cells with Flag-Gfi-1B-carrying retrovirus abolished
the GATA-1-induced expression of Bcl-x, , indicating that the
sustained expression of Gfi-1B negatively modulates Bcl-x;
transcription during erythroid maturation. Infection with Flag-
Gfi-1B-carrying virus also caused low levels of endogenous
Gfi-1B mRNA throughout the 24-h period of GATA-1 activa-
tion (Fig. 1A and B, right panel), which was consistent with our
previous observation showing negative autoregulation of the
Gfi-1B gene.

Gfi-1B and GATA-1 occupancy of the Bcl-x promoter in the
early phase of erythroid maturation. Next, we performed chro-
matin cross-linking and ChIP to know whether Gfi-1B is directly
involved in regulating the Bcl-x promoter during GATA-1 activa-
tion in G1ER cells. Primers specific to the proximal murine Bcl-x
promoter were used for the PCR. The result showed that Gfi-1B
was associated with the Bcl-x promoter and that the degree of
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FIG. 2. Occupancy of the Bcl-x promoter by GATA-1 and Gfi-1B in G1ER cells. In vivo cross-linked protein-DNA complexes were isolated
from G1ER cells treated with B-estradiol for the indicated periods and were subjected to immunoprecipitation with IgG (control), Gfi-1B
(a-Gfi-1B), or GATA-1 (a-GATA-1) antibody. The coimmunoprecipitated DNA was amplified by PCR using the Bcl-x proximal-promoter primers

or TKI primers as a negative control.
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FIG. 3. Gfi-1B represses the Bcl-x promoter activity. (A) K562 cells were infected with Flag-Gfi-1B-encoding (MIGR-Gfi-1B) or control
(MIGR) retroviruses and analyzed by Western blotting with anti-Bcl-x; , M2, STATS, phospho-STATS, or B-tubulin antibody (Ab). (B) Sequences
of putative Gfi-1B binding sites on human and murine Bcl-x promoters are indicated in bold letters. Each sequence is numbered relative to the
first nucleotide of the translation start site, which was set at +1. The arrow indicates the major transcriptional start site. (C) Schematic
representation of the murine Bcl-x promoter reporter constructs. The upper diagram shows the putative Gfi-1B binding sites in the murine Bcl-x
promoter, and the lower one shows the constructed murine Bcl-x promoter reporter plasmids. Putative Gfi-1B binding sites, with the sequence
AATC, are shown as boxes. (D) K562 cells were cotransfected with the murine Bcl-x promoter reporter constructs and pRL-TK in the presence
of pCS2, pCS2-Gfi-1B, or the pCS2-P2A-Gfi-1B mutant plasmid expressing a nonfunctional form of Gfi-1B (P2A) as indicated. The luciferase
activities normalized by Renilla luciferase activities were calculated relative to that in the cells transfected with full-length pGL2-3.2 and the control
vector, which was set arbitrarily at 100. Values are the averages of three independent determinations. Total lysates from the cells transfected with
the pGL2-3.2 plasmid together with pCS2, pCS2-Gfi-1B, or pCS2-P2A-Gfi-1B as indicated were subjected to Western blot analysis using anti-myc

(9E10) and B-tubulin antibodies.

occupancy was inversely correlated with the level of Bcl-x, ex-
pression while the extent of the binding of GATA-1 to the Bcl-x
promoter remained constant throughout the period of GATA-1
induction (Fig. 2). PCR using mouse TK1 promoter primers was
performed as a negative control. These results suggest that both

GATA-1 and Gfi-1B interact with the Bcl-x promoter during
erythroid maturation and that Gfi-1B acts as a transcriptional
repressor of the Bcl-x promoter.

Repression of the Bcl-x promoter by the enforced expression
of Gfi-1B in K562 cells. Similar to that of GIER cells, the
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infection of K562 cells by transduction with retroviral Flag-
Gfi-1B decreased Bcl-x; expression. Because STATS is a direct
activator of the Bcl-x gene in hematopoietic cells (31), we then
examined the effect of the overexpression of Gfi-1B on STATS
activation by measuring the phosphorylation status of STATS.
It appeared that the elevation of Gfi-1B expression had no
effect on the intensity of STATS phosphorylation (Fig. 3A).

To study the functional effect of Gfi-1B on the Bcl-x pro-
moter, we analyzed the sequence within the proximal promoter
region of the human Bcl-x gene (10), which revealed several
occurrences of the Gfi-1B binding core sequence, the AATC
motif, located at —1429, —1024, —924, and —408 upstream
of the translation start site. As shown here, the GATT (AATC
for the reverse strand) motif at —1429 and —408 is conserved
in the murine promoter (10) (Fig. 3B). It was noted that the
sequences surrounding these two sites do not match the con-
sensus Gfi-1B binding sequence. To understand whether the
enforced expression of Gfi-1B can directly repress the Bcl-x
promoter activity, we constructed two reporter plasmids in
which 3.2- and 0.6-kb fragments of the murine Bcl-x promoter
were linked to the luciferase gene (Fig. 3C). K562 cells were
transfected with these two constructed Bcl-x reporter plasmids,
along with the Gfi-1B expression vector (pCS2-Gfi-1B), the
plasmid expressing a nonfunctional mutant Gfi-1B (pCS2-
P2A-Gfi-1B), or an empty vector as a control. The mutant form
of Gfi-1B expressed by pCS2-P2A-Gfi-1B carries a mutation in
the SNAG domain that disrupts the Gfi-1B transcriptional
repression function (11, 16, 37). The coexpression of the wild-
type Gfi-1B in K562 cells repressed the activities of pGL2-3.2
and pGL2-0.6, while the overexpression of the pCS2-P2A-Gfi-
1B-encoded mutant protein had little effect on the Bcl-x pro-
moter activity (Fig. 3D). These data clearly show Gfi-1B as a
repressor of the minimal Bcl-x promoter.

GATA-1 mediates the Gfi-1B repression of the Bcl-x pro-
moter through binding at the AATC site. We then introduced
a mutation at the —404 GATT (the AATC reverse strand) site
of the murine minimal Bcl-x promoter, which corresponds
to the —408 GATT site of the human Bcl-x promoter. How-
ever, the mutation converting GATT to GATC or AATT de-
creased the Bcl-x promoter activity, an indication that this site
is a positive cis element for frans-activation (Fig. 4A). To test
whether GATA-1 may also mediate the trans-activation of the
Bcl-x promoter through this site, we expressed GATA-1 in
NIH 3T3 cells, a nonerythroid line, to measure its effect on the
Bcl-x promoter activity. It turned out that the ectopic expres-
sion of GATA-1 significantly stimulated luciferase activity de-
rived from the pGL2-0.6 construct and that the mutation of the
GATT site abolished GATA-1-mediated trans-activation. The
coexpression of Gfi-1B inhibited the GATA-1-dependent
stimulation of wild-type promoter activity in a dosage-de-
pendent manner (Fig. 4B). These results led us to propose that
GATA-1 activates the Bcl-x promoter in K562 cells by binding
to the GATT motif of the Bcl-x promoter and that the eleva-
tion of Gfi-1B expression converts GATA-1-mediated activa-
tion to repression.

GATA-1-dependent Gfi-1B occupancy of the Bcl-x promoter.
To assess the role of GATA-1 in Gfi-1B recruitment to the
Bcl-x promoter, K562 cells that stably express Flag-Gfi-1B (14)
were transfected with GATA-1 siRNA to decrease GATA-1
expression (Fig. 4C). In the Western analysis, we noticed that
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the level of Flag-Gfi-1B in this cell line had become lower
than that of endogenous Gfi-1B, which was different from
our previous results showing that the enforced expression of
Flag-Gfi-1B inhibits endogenous Gfi-1B expression (14). We
reasoned that the exogenous gene established in Flag-Gfi-1B-
expressing K562 cells might have been inactivated after long-
term culture, allowing more endogenous Gfi-1B to be ex-
pressed. Since this cell line expresses a higher level of Gfi-1B,
we used this cell line to knock down GATA-1 to test whether
GATA-1 is required for Gfi-1B occupancy of the Bcl-x pro-
moter. Cross-linked chromatins of the control and GATA-1-
depleted cells were immunoprecipitated by Gfi-1B antibody
for PCRs using primers specific for the promoter regions in-
dicated below. ChIP assays showed that Gfi-1B was associated
with the proximal, but not the distal, region of the Bcl-x pro-
moter in K562 cells. This indicates that the distal —1429 GATT
sequence is probably not a Gfi-1B-interacting site. The deple-
tion of GATA-1 abolished Gfi-1B binding to the Bcl-x pro-
moter, demonstrating the requirement of GATA-1 for Gfi-1B
occupancy of the Bcl-x proximal promoter. Similar results were
observed when ChIP assays were performed using primers
specific for the Gfi-1B promoter in the PCR, consistent with
our previous finding that Gfi-1B binds to its own promoter
through GATA-1 (14). As a negative control, primers specific
for the c-jun promoter were applied in a PCR using the same
immunoprecipitated chromatin samples (Fig. 4D). Based on
these data, we conclude that GATA-1 is a direct activator of
the Bcl-x promoter and mediates the recruitment of Gfi-1B to
the promoter for transcriptional repression.

To examine whether GATA-1 can bind to the —408 GATT
site of the human Bcl-x promoter, we performed a gel shift
assay using a radiolabeled DNA fragment covering the region
from —396 to —415 of the Bcl-x promoter sequence. The
incubation of this probe with nuclear extracts from 293T cells
ectopically expressing GATA-1 gave rise to DNA-protein com-
plexes I and II (Fig. 4E). Complex I was abolished by an excess
amount of the unlabeled oligomer but not by the oligomer
carrying a mutation in the GATT site. An excess amount of the
unlabeled GATA consensus oligonucleotide or the specific
GATA-1 antibody also abolished the formation of complex I.
No amount of the competitor had an effect on complex II
formation, indicating that complex II is a nonspecific DNA-
protein complex. Accordingly, we conclude that GATA-1
binds to the —408 GATT site of the human Bcl-x promoter.

Up-regulation of Gfi-1B participates in the imatinib-in-
duced repression of Bcl-x; expression. Since it is well estab-
lished that the inhibition of Bcl-x; expression is responsible for
imatinib-induced apoptosis in CML (6, 13, 18, 21, 36), we then
used this system to consider the question of whether Gfi-1B is
involved in the imatinib-induced down-regulation of Bcl-x;
expression. To address this question, we first examined the
effect of imatinib treatment on levels of Gfi-1B and Bcl-x;
mRNA expression in K562 cells by semiquantitative RT-PCR.
Following the imatinib treatment, the level of Gfi-IB mRNA
was markedly increased, with a concurrent decrease in Bcl-x;,
mRNA expression (Fig. 5, left panels). A similar relationship
was reflected in the levels of Gfi-1B and Bcl-x; protein expres-
sion as determined by Western blot analysis (Fig. 5, right
panels).

Given that the imatinib treatment did not change the
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Flag-GATA-1, as indicated. The sequence of each competitor is shown below. Mutated and corresponding wild-type sequences are underlined. Control
IgG and GATA-1(C-20) antibodies were added to the reaction mixtures where indicated. mut, mutant.
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FIG. 5. Inverse correlation between Gfi-1B and Bcl-x; expression in response to imatinib treatment. (A) K562 cells treated with imatinib for
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sample.

GATA-1 expression level, we then investigated the extent of
GATA-1-Gfi-1B complex formation by immunoprecipitation
from imatinib-treated cells. As shown in Fig. 6A, endogenous
Gfi-1B was coimmunoprecipitated with endogenous GATA-1
by anti-GATA-1 antibody, and imatinib treatment increased
the amount of Gfi-B in the GATA-1 complex. To verify that
GATA-1 binds to the GATT motif of the human Bcl-x pro-
moter, we performed the streptavidin pulldown assay with bi-
otin-labeled oligonucleotides covering the region from —399 to
—413 of the wild-type human Bcl-x promoter sequence and the
corresponding sequence mutated at the —408 GATT site. The
biotin-labeled oligonucleotides were incubated with nuclear
extracts from K562 cells treated with or without imatinib.
Western blot analysis of the pulldown proteins showed the
association of both GATA-1 and Gfi-1B with the wild-type
oligonucleotide but not the one mutated at the —408 GATT
site (Fig. 6B). Consistently, the imatinib treatment enhanced
the binding of Gfi-1B to the beads containing the wild-type
Bcl-x promoter sequence without affecting the amount of
GATA-1 binding to DNA. An excess amount of an oligonu-
cleotide containing the typical GATA-1 binding sequence, but
not the oligonucleotide carrying the GATA-to-CTTA conver-
sion, was capable of abolishing the binding of GATA-1 to the

wild-type sequence and diminishing the imatinib-induced in-
creased association with Gfi-1B. These results support the no-
tion that GATA-1 binds to the GATT motif of the Bcl-x pro-
moter and that elevated amounts of Gfi-1B in imatinib-treated
cells are brought to the promoter through GATA-1.

Although Gfi-1B in K562 nuclear extracts could still bind to
this GATT site in the presence of the GATA-1 binding com-
petitor, an in vivo ChIP analysis showed a lack of Gfi-1B
occupancy of the Bcl-x promoter in GATA-1-depleted cells
(Fig. 4D), indicating that the in vivo recruitment of Gfi-1B to
the promoter is highly dependent on GATA-1. The discrep-
ancy may be that under the in vitro binding conditions, Gfi-1B
is capable of binding to the oligonucleotide covering the
GATT site of the Bcl-x promoter but that this binding capa-
bility is too weak to be detected within the in vivo chromatin
environment.

Imatinib treatment increases the cooccupancy of the Bcl-x
promoter by Gfi-1B and GATA-1. Using ChIP analysis, we also
tested the effect of imatinib treatment on the in vivo occupancy
of the Bcl-x promoter by Gfi-1B and GATA-1. The results
showed an imatinib-responsive increase in the amount of
Gfi-1B bound to the proximal Bcl-x promoter region in vivo.
The chromatins covering the distal region of the Bcl-x pro-
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FIG. 6. Imatinib-induced Gfi-1B formed a complex with GATA-1 on the Bcl-x promoter. (A) K562 cells were treated with or without imatinib
(1 pM). After 24 h, whole-cell lysates were prepared and immunoprecipitated with anti-GATA-1 antibody («GATA-1) or control IgG. The
immunoprecipitates (IP) were subjected to immunoblot analysis with anti-Gfi-1B antibody (Ab), followed by reprobing with anti-GATA-1 antibody
to confirm that GATA-1 was successfully immunoprecipitated. —, absent; +, present. (B) Pulldown assay using biotin-labeled oligonucleotides
containing the Gfi-1B binding sequence (—408 to —405) on the human Bcl-x promoter. Nuclear extracts prepared from untreated or imatinib-
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visualized by ethidium bromide staining. (D) Following ChIP with Gfi-1B antibody, the complexes were subjected to a second immunoprecipitation
(re-ChIP) with either anti-GATA-1 antibody (¢GATA-1) or control IgG. The coimmunoprecipitated DNA was amplified by PCR using the
indicated primers: G-I, G-II, the primer pair specific for the Gfi-1B promoter, or the c-jun primer pair as a control. (E) K562 cells were transfected
with the Bcl-x promoter construct, pGL2-3.2, together with pRL-TK. After 24 h, cells were treated with or without 1 WM imatinib for an additional
24 h. Cells were then harvested for the luciferase assay. Values are the averages of three independent determinations. The error bars represent
standard deviations. *, P < 0.05.
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of Bcel-x (right panel) was evaluated by densitometric determination of the protein expression levels, which were normalized by the B-tubulin level
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(C) Cells were also harvested and analyzed by annexin V-FITC staining. Values are the averages of three independent determinations. The error

bars represent standard deviations. *, P < 0.05.

moter or the c-jun promoter were not precipitated in this ChIP
assay (Fig. 6C). To know whether Gfi-1B and GATA-1 simul-
taneously cooccupy the Bel-x promoter in vivo, we performed
a re-ChIP analysis. First, ChIP was performed using Gfi-1B
antibody. The precipitated chromatin fragments were eluted
and subjected to reprecipitation using GATA-1 antibody. The
same DNA fragment with Gfi-1B and GATA-1 simultaneously
bound would be amplified with the subsequent PCR. As shown
in Fig. 6D, re-ChIP assays showed that the imatinib treatment
increased the amounts of GATA-1 and Gfi-1B bound on the
Bcl-x and Gfi-1B promoter regions in K562 cells. In parallel, we
observed that the imatinib treatment caused a 41% reduction
in luciferase activity expressed from the full-length Bcl-x re-
porter plasmid (pGL2-3.2) in K562 cells (Fig. 6E). Collectively,

these results indicate that the in vivo association of Gfi-1B with
the Bcl-x promoter correlates with the increase of Gfi-1B com-
plexed with GATA-1 and the reduction of Bcl-x, transcription
in imatinib-treated cells.

Role of Gfi-1B in apoptosis. Next, we questioned whether
the up-regulation of Gfi-1B is necessary for the imatinib-in-
duced repression of Bcl-x; , since there is a possibility that the
lack of phopho-STATS5-dependent transcription in imatinib-
treated cells is by itself sufficient to cause a reduction of Bcl-x;
transcription. To address this question, we tested the effect of
Gfi-1B knockdown on the imatinib-induced repression of
Bel-x; and apoptosis, Without imatinib treatment, K562 cells
transfected with Gfi-1B siRNA showed reduced Gfi-1B expres-
sion at both the mRNA and protein levels (Fig. 7A). The
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a parallel set of cells transfected with an empty vector was treated with imatinib (1 wM) in the presence or absence of As,O5 (0.5 pwM). Cells were
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induction of Gfi-1B by imatinib treatment was diminished in
cells transfected with Gfi-1B siRNA, with a concurrent in-
crease in Bcl-x; mRNA and protein levels (Fig. 7B). In paral-
lel, cells were harvested and analyzed by flow cytometry with
annexin V staining as an apoptotic indicator. As expected, cells
transfected with control siRNA displayed a marked increase in
the apoptosis-positive population induced by imatinib treat-
ment. In contrast, transfection with Gfi-1B siRNA effectively
abolished imatinib-induced apoptosis (Fig. 7C). Thus, an ele-
vation of Gfi-1B expression is required for imatinib-induced
apoptosis.

Finally, we addressed whether the overexpression of Gfi-1B
can sensitize K562 cells to death induced by other drugs. It has
been shown previously that As,O; treatment induces K562 cell
apoptosis without decreasing Bcl-x; expression, and the 50%
inhibitory concentration was determined to be 10 pM (29).
Herein, we tested whether the overexpression of Gfi-1B can
make K562 cells susceptible to As,O5-induced apoptosis. K562
cells were transfected with pCMV2-Flag-Gfi-1B or an empty
vector and were treated with or without As,O5 at 0.5 uM for
apoptotic analysis. For comparison, parallel sets of control
cells were treated with imatinib alone or in combination with

As,0O;. As shown in Fig. 8B, treatment with As,O5 at a low
dosage slightly increased the apoptosis-positive population
among cells transfected with the control vector. In contrast, the
population of cells overexpressing Gfi-1B showed a significant
increase in apoptotic cells in response to As,O; treatment, as
seen among the control cells cotreated with imatinib and
As,O;. Thus, the overexpression of Gfi-1B in K562 cells, like
cotreatment with imatinib, enhances susceptibility to As,Os-
induced apoptosis.

DISCUSSION

In this study, we demonstrated that GATA-1 is a direct
activator of Bcl-x, transcription through binding to the GATT
motif. The elevation of Gfi-1B expression in the early stage of
erythroid maturation and in imatinib-treated K562 cells sup-
presses Bcl-x; transcription via the association of Gfi-1B with
GATA-1 on the Bcl-x promoter. Thus, Bcl-x is a gene target of
the GATA-1-Gfi-1B repression complex. Our results suggest
that the down-regulation of Gfi-1B relieves repression, allow-
ing GATA-1 to activate Bcl-x, transcription in the late phase
of GATA-1-activated erythroid cells. Thus, GATA-1 and Gfi-1B



VoL. 27, 2007

interplay to control the timing of Bcl-x; expression during
erythroid development. Moreover, in this report we present
the first evidence that Gfi-1B contributes to apoptotic induc-
tion in imatinib-treated K562 cells via its repressor role in
Bcl-x; transcription.

Induction of Gfi-1B by inhibiting Ber-Abl/STATS signaling
in K562 cells. The overexpression of Gfi-1B in G1ER cells did
not lead to apoptosis because G1ER cells have been trans-
formed by Bcl-2 for the maintenance of a culture of these stem
cells as an immortalized cell line (38). In this study, we used
K562 cells to induce apoptosis by blocking Ber-Abl signaling
with imatinib treatment. Very interestingly, the inhibition of
Ber-Abl/STATS signaling in K562 cells resulted in the up-
regulation of Gfi-1B (Fig. 5 and 7A). Given that the depletion
of GATA-1 abolished the in vivo binding of Gfi-1B to the Bcl-x
promoter while the depletion of Gfi-1B expression diminished
imatinib-induced apoptosis (Fig. 4D and 7C), we conclude that
the induction of Gfi-1B in imatinib-treated K562 cells contrib-
utes to the inhibition of Bcl-x; transcription in a GATA-1-
dependent manner.

We also transfected K562 cells with the Gfi-1B promoter
reporter plasmid pGL2-hG (—145 to +19) to test whether the
trans-activation of Gfi-1B is stimulated by imatinib treatment.
We found that imatinib treatment increased the Gfi-1B pro-
moter activity (data not shown). Since the transfection of cells
with increasing amounts of a STATS5 (dominant negative) ex-
pression vector decreased the Gfi-1B promoter activity stimu-
lated by the imatinib treatment (data not shown), it is conceiv-
able that Gfi-1B expression is negatively modulated by STATS
signaling in K562 cells. As STATS is also a transcriptional
activator of Bcl-x, it is likely that blocking STATS signaling not
only eliminates the activation machinery but also adds a re-
pressor to suppress Bcl-x; expression.

Relationship between GATA-1 and Gfi-1B in binding to the
Bcl-x promoter. It is noted that the Bcl-x promoter contains
characteristic motifs for the binding of several transcription
factors, including Ets-1, activator protein 4, nuclear factor-
erythroid 2, Evi, GATA-1, and activator protein 1 (10), sug-
gesting that Bcl-x, may be induced by different transcription
mechanisms dependent on the cellular context and stimulated
signals. As mentioned earlier, the role of GATA-1 in Bel-x
expression has been obscure because mutations of the typical
GATA binding site did not affect GATA-1-activated Bcl-x,
transcription (9). Although the conserved GATT motif (AATC
for the reverse strand), the core of a Gfi-1B binding consensus
sequence, is present in the minimal Bcl-x promoter, three dif-
ferent experimental findings obtained from this study indicated
that GATA-1 binds to the GATT site directly to regulate
transcription. First, the ectopic expression of GATA-1 in NIH
3T3 cells activated the wild-type Bcl-x promoter but not the
promoter carrying a mutation in this GATT motif (Fig. 4B).
Second, an oligonucleotide covering the GATT site of the
Bcl-x promoter could pull down GATA-1 from nuclear extracts
from K562 cells, while the mutation of this site disrupted the
binding (Fig. 4E and 6B). Third, an oligonucleotide with the
consensus GATA-1 binding sequence, but not a mutated
GATA oligonucleotide, could compete with GATA-1 for bind-
ing to the wild-type sequence of the Bcl-x promoter (Fig. 6B).
Since GATA-1 is also a direct activator of Gfi-1B transcription
(15), our data suggest that the early induction of Gfi-1B works
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as a transient repressor of the Bcl-x promoter. Apparently, the
GATA-1-mediated activation of the Bcl-x promoter is not
switched on until Gfi-1B expression is down-regulated in ter-
minal differentiated erythrocytes. Presumably, the feedback
inhibition of Gfi-1B transcription and the instability of Gfi-1B
RNA in erythroid cells (half-life, approximately 30 min) (data
not shown) are the important mechanisms contributing to the
down-regulation of Gfi-1B and allowing GATA-1 to mediate
Bcl-x, transcription in the later phase of erythroid maturation.

The GATA-1-Gfi-1B repression complex resides on the Bcl-x
promoter. Very recently, it has been shown that Gfi-1B forms
a complex with GATA-1 in murine erythroleukemia cells (12,
24, 28) and that both Gfi-1B and GATA-1 are bound to the
myc and myb promoters in vivo (12, 24). Accordingly, it has
been proposed that GATA-1 forms a complex with Gfi-1B to
repress the expression of myc and myb. Our previous results
demonstrate that the Gfi-1B promoter is indeed the target of
this repression complex (14). In addition to the results of the
oligonucleotide pulldown analysis using imatinib-treated K562
extracts (Fig. 6B), the re-ChIP experimental data proved the
simultaneous association of GATA-1 and Gfi-1B on the Bcl-x
promoter in vivo (Fig. 6D). Thus, the Bcl-x promoter is another
target of the GATA-1-Gfi-1B repression complex.

Adding the apoptotic regulatory role for Gfi-1B. It has been
reported previously that erythroblasts constitutively expressing
Gfi-1B failed to differentiate beyond the proerythroblast stage
and showed massive apoptosis due to a lack of Bcl-x, expres-
sion (22). Data presented in this study offer an explanation of
why the enforced expression of Gfi-1B in CD34-positive pro-
genitor cells promotes apoptosis (22). In support of the role of
Gfi-1B in apoptotic regulation, we showed that the Gfi-1B-
mediated repression of Bcl-x, effectively sensitizes K562 cells
to undergo arsenic-induced apoptosis. The mode of action of
Gfi-1B on the Bcl-x promoter is similar to what we previously
proposed for the feedback inhibition of Gfi-1B transcription
(14), which ensures that the level of Gfi-1B expression is con-
trolled within a proper range in erythroid cells. The results
shown here exemplify a specific case in which the limitation of
Gfi-1B expression is important in minimizing its function of
repression of the survival gene Bcl-x.

Experimental results from two independent studies, by
Osawa et al. and Garcon et al., suggested that Gfi-1B may have
distinct effects at the various stages during erythroid differen-
tiation (7, 22). In immature erythroid progenitors, through the
zinc finger domains, Gfi-1B would trans-activate target genes
implicated in cell proliferation for erythroblast expansion. At
the onset of differentiation, Gfi-1B would regulate genes that
have to be repressed for differentiation induction. In this study,
we add new information that GATA-1 and Gfi-1B interplay to
regulate gene expression in the survival aspect of terminal
erythroid differentiation.
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