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Background: The N-terminal transactivation domain (N-TAD) is requisite for GATA1 function in vivo.
Results: The C-terminal region of GATA1 works as TAD, and fetal hematopoiesis is perturbed in the GATA1-deficient mice

rescued with GATA1 lacking C-terminal TAD activity.

Conclusion: GATA1 has two TADs, which differentially work.

Significance: The complex nature of molecular mechanisms is underlying how GATA1 works for the maintenance of hema-

topoietic homeostasis.

Transcription factor GATA1 regulates the expression of a
cluster of genes important for hematopoietic cell differentiation
toward erythroid and megakaryocytic lineages. Three func-
tional domains have been identified in GATAI, a transactiva-
tion domain located in the N terminus (N-TAD) and two zinc
finger domains located in the middle of the molecule. Although
N-TAD is known as a solitary transactivation domain for
GATAL, clinical observations in Down syndrome leukemia sug-
gest that there may be additional transactivation domains. In
this study, we found in reporter co-transfection assays that
transactivation activity of GATA1 was markedly reduced by
deletion of the C-terminal 95 amino acids without significant
attenuation of the DNA binding activity or self-association
potential. We therefore generated transgenic mouse lines that
expressed GATAI1 lacking the C-terminal region (GATAI-
ACT). When we crossed these transgenic mouse lines to the
Gatal-deficient mouse, we found that the GATA1-ACT trans-
gene rescued Gatal-deficient mice from embryonic lethality.
The embryos rescued with an almost similar level of GATA1-
ACT to endogenous GATA1 developed beyond embryonic 13.5
days, showing severe anemia with accumulation of immature
erythroid cells, as was the case for the embryos rescued by endog-
enous levels of GATA1 lacking N-TAD (GATA1-ANT). Distinct
sets of target genes were affected in the embryos rescued by
GATAI1-ACT and GATAI-ANT. We also found attenuated
GATAL function in cell cycle control of immature megakaryocytes
in both lines of rescued embryos. These results thus demonstrate
that GATA1l has two independent transactivation domains,
N-TAD and C-TAD. Both N-TAD and C-TAD retain redundant as
well as specific activities for proper hematopoiesis in vivo.
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The GATA family of transcription factors plays critical roles
in cell proliferation, differentiation, and survival. Six GATA
factors have been identified in vertebrates. Of the six GATA
factors, GATAl, GATA2, and GATA3 are abundantly
expressed in hematopoietic tissues and are referred to as hema-
topoietic GATA factors. Each GATA factor is nonredundantly
required in the specific cell lineages (1), such that GATA3 is
expressed in Th2 lymphoid cells (2) and GATA2 is expressed in
immature multipotent progenitors and hematopoietic stem
cells (3). GATALI is expressed in erythroid lineage cells, mega-
karyocytic lineage cells, eosinophils, and mast cells. Unique
expression profiles of individual GATA factor genes are defined
by elaborate regulation to these GATA factor genes (1).

The expression profiles of GATA1 and GATA?2 are clearly
distinct but somewhat overlapping. GATA1 is mainly required
for erythropoiesis and megakaryopoiesis (4 —6). The complete
lack of Gatal expression leads mice to embryonic lethality by
embryonic 11.5 days (E11.5)® due to insufficient primitive
erythropoiesis (7). Strict regulations of Gatal and Gata2 genes
by a transcription factor network, including GATA factors, are
important for the maintenance of hematopoietic homeostasis
(8).

We established Gata 1 knockdown mice, in which expression
of the Gatal gene deteriorated to 5% of the endogenous level by
disruption of the upstream regulatory region of the Gatal gene
(9). We refer this Gatal allele as Gatal.05. Because the Gatal
gene is localized in the X-chromosome, male mice harboring
the Gatal.05 allele die by E11.5 (9). This phenotype is similar to
that of Gatal gene knock-out embryos (10), indicating that 5%
expression of GATAL is insufficient to support the GATA1
function in vivo. By replacing the Gatal gene upstream
enhancer region with the neomycin gene cassette, another
GATA1 knockdown mouse line was generated that showed
~20% of the gene expression level compared with the endoge-

3 The abbreviations used are: E, embryonic day; N-TAD, N-terminal transacti-
vation domain; C-TAD, C-terminal transactivation domain; MBP, maltose-
binding protein; GTHRD, Gatal hematopoietic regulatory domain; GAL4-
DBD, GAL4-DNA binding domain; UROS, uroporphyrinogen Il synthase;
CEP, congenital erythropoietic porphyria; TMD, transient myeloprolifera-
tive disorder; AMKL, acute megakaryoblastic leukemia; CEP, congenital
erythropoietic porphyria.
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nous Gatal level. These mice showed potentially a prolonged
life span (11), indicating that the GATA1 expression level is
critical for the embryonic erythropoiesis.

GATAL1 contains three functional domains as follows: an
N-terminal transcription activation domain (N-TAD) rich in
acidic amino acid residues; an N-terminal zinc finger domain
(N-finger), which is important for interaction with co-factor
FOGI and association of DNA, and a C-terminal zinc finger
domain (C-finger), which is essential for binding to the GATA
box. We have examined the activities of these domains by using
the transgenic complementation rescue approach and found
that these domains independently and cooperatively act during
embryogenesis (12).

Of particular interest is that although transactivation activity
of GATA1 was significantly reduced by the N-TAD deletion
(13), a family harboring an inherited GATA I mutation leading
to the production of GATA1 without N-TAD (GATA1-ANT)
has been reported (14). We found in a mouse system that trans-
genic expression of GATA1-ANT at an endogenous level has
the potential to rescue the Gatal.05 male mice from embryonic
lethality (12). Similarly, GATA1-ANT expression under the
endogenous Gatal gene regulation rescued Gatal-null mice
that were born alive (15). Thus, GATAI-ANT can activate
GATAI1 target genes sufficiently to sustain erythropoiesis in
GATA1-deficient mice.

Considering these situations, there emerges a question how
GATAI1-ANT activates target gene expression. The most plau-
sible explanation for this question is that there may be an addi-
tional transactivation domain that supports the GATA1-ANT
activity. Therefore, to identify new transactivation domains
within GATAL, in this study we examined the C-terminal end
of GATAL, as the proline-rich C-terminal region is a prime
candidate of the transactivation domain. We found that the
GATA1l C-terminal region acts as a new transactivation
domain. Transgenic complementation rescue analyses clearly
demonstrated that lack of the C-terminal region indeed per-
turbed normal mouse hematopoiesis in vivo. Results of this
study support the notion that two independent transactivation
domains not only share redundant activities but that the
domains also retain specific activities. We propose that GATA1
participates in the regulation of diverse sets of target genes uti-
lizing these elaborate transactivation mechanisms.

EXPERIMENTAL PROCEDURES

Reporter Assays—Gatal mutant cDNAs were constructed by
PCR-mediated mutagenesis and cloned into pEF-1 (16) or
pcDNA-pGBT9 (17) expression vectors. QT6 (a quail fibro-
blast-derived) cells were cultured in low glucose DMEM
medium (WAKO) supplemented with 10% FBS (Invitrogen)
and 100 IU/ml penicillin/streptomycin (Invitrogen). pEF-1-
based or pcDNA-pGBT9-based expression vectors were trans-
fected into QT6 cells concomitant with firefly luciferase
reporter gene driven by either the triplicate mouse GATA
boxes from mouse a-globin promoter (18) or the upstream
activating sequence (17). Transfection experiments were per-
formed utilizing Lipofectamine 2000 (Invitrogen) following the
manufacturer’s procedure. pRL-TK was co-transfected to nor-
malize the transfection efficiency. The luciferase activities were
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measured using Dual-Luciferase reporter assay system (Pro-
mega) with luminometer (Berthold). pEGFP-N2 (Clontech)
was occasionally co-transfected to measure the level of protein
expression. Immunoblot analysis was performed using anti-
GAL4 (Santa Cruz Biotechnology) and anti-GFP (Medical and
Biological Laboratories Co. Ltd.) antibodies.

Recombinant Proteins, DNA Binding Assays, and Self-associ-
ation Assays—Maltose-binding protein (MBP)-fused GATA1
and GST-fused GATA1 were produced in Escherichia coli
BL21(DE3)pLysS-competent cells (Novagen) as described (19)
and purified using glutathione-Sepharose beads (GE Health-
care) and amylose resin (New England Biolabs). Protein con-
centration was determined by using the Bradford assay
(Bio-Rad).

The binding reaction for EMSA was performed using MBP
fusion GATAI proteins in the binding buffer containing 10 mm
Tris-HCI (pH 7.5), 1 mm EDTA, 4% Ficoll, 1 mm DTT, and 75
mwm KCI (20). Oligonucleotide (5'-AAGATCTCCGGCAACT-
GATAAGGATTCCCTG-3') from mouse a-globin promoter
(18) was end-labeled with T4 polynucleotide kinase. Poly[d(I-
C)] (Sigma) was used as a nonspecific competitor. Radioactive
signals were detected by autoradiography.

For the GST-pulldown assay, a graded amount of MBP fusion
GATA1 (0, 1, 2, 5 and 10 ug) was mixed with GST fusion
GATALI fragments corresponding to amino acids 200-305,
200-319, and 200-322. These peptides were bound to gluta-
thione-Sepharose beads (19). MBP (10 ug) was used as a nega-
tive control. Immunoblot analysis was performed using anti-
MBP and anti-GST antibodies (Santa Cruz Biotechnology).

Animals—All experimental procedures have been approved
by the Institutional Animal Experiment Committee, and exper-
iments have been performed in accordance with the Regulation
for Animal Experiments of Tohoku University. Gata 1*Ne°AHS"Y
mice lacking GATAL1 expression in megakaryocytes (21) were
supplied from The Jackson Laboratory and maintained in our
animal facility. For microinjection, GATA1 mutant cDNAs
were subcloned into the Gatal gene hematopoietic regulatory
domain (GIHRD) expression vector (22), and these constructs
were microinjected into fertilized BDF1 eggs by utilizing stan-
dard procedures (23). Founders and offspring were screened by
PCR. Sense (5'-AAGCGGCCGCATCGTCATTTGTG-3’) and
antisense (5'-TAGGCCTCAGCTTCTCTGTA-3’) primer set
were used to identify the transgene. The Gatal gene knock-
down Gatal.05 allele and the Y chromosome were detected by
primer sets described previously (9).

Flow Cytometry—Cells were incubated with antibodies for
1 h on ice and washed with cold phosphate-buffered saline
(PBS) supplemented with 2% fetal bovine serum. The samples
were analyzed with CellQuest program using FACS Calibur ™
(BD Biosciences). Dead cells were excluded with BD Via-Probe
or propidium iodide (Sigma). Fluorescein isothiocyanate-con-
jugated anti-CD71 and-CD41 antibodies, and phycoerythrin-
conjugated anti-Ter119 and -CD61 antibodies were purchased
from eBiosciences. Allophycocyanin-conjugated anti-c-Kit
antibody was from BD Biosciences.

Quantitative RT-PCR—Total RNA was prepared by using
ISOGEN (Nippon Gene). cDNA was synthesized using Super-
scriptIII (Invitrogen), and quantitative RT-PCR was carried out
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using Power SYBR® Green PCR Master Mix (Invitrogen) with
PRISM 7300 (Applied Biosystems). Expression levels were nor-
malized to Gapdh. Primer sequences are described in supple-
mental Table 1.

Chromatin Immunoprecipitation (ChIP) Assay—Chromatin
fixation and purification procedures were performed as
described previously (24) with the exception that mouse eryth-
roleukemia (MEL) cells were used. MEL cells were cultured in
a same manner as the QT6 cells. Rat anti-GATA1 N6 anti-
body (Santa Cruz Biotechnology) (25) was used for immuno-
precipitation. Normal rat IgG was utilized as a negative con-
trol. DNAs were amplified using primers described in
supplemental Table 2.

Retroviral Infection—cDNAs encoding wild type and
GATAI mutants were inserted into the retroviral vector pMX-
puro (kindly provided by Dr. Toshio Kitamura (26)). After
excluding lineage-positive cells using BioMag-streptavidin (BD
Biosciences) and biotin-conjugated anti-CD4, -CD8, -B220,
-Macl, -Grl, and -Ter119 antibodies (Pharmingen), cells from
E13.5 fetal livers of Gatal*N**"*S’Y embryos were expanded
with a combination of thrombopoietin (10 ng/ml), stem cell
factor (50 ng/ml), and interleukin-3 (IL-3; 10 ng/ml) for 1 day.
Subsequently 1-day transduction with retroviral vector was
performed using RetroNectin (Takara-Bio)-coated plates.
After a 24-h puromycin treatment (6-10 ug/ml), viable cells
were cultured with thrombopoietin (50 ng/ml) and stem cell
factor (50 ng/ml) for the days indicated. The last day of the
puromycin treatment was set to day 0. The number of living
cells was counted with a Countess automated cell counter
(Invitrogen). The total number of living c-Kit"CD41™" cells was
calculated by multiplying the frequency of ¢-Kit"CD41™" cells
by the number of living cells.

Statistical Analysis—Statistical analyses were performed
with a Student’s ¢ test. Probability values of p < 0.05 were con-
sidered statistically significant.

RESULTS

C-terminal Region Is Vital for Transactivation Activity of
GATAI—To search for a new transactivation domain, we
focused on the C-terminal region of GATA1, as the structure of
the region fulfills the criteria of the transactivation domain. In
addition, this region is phylogenetically conserved in the
human and mouse. On the contrary, it has been reported that
the truncated type of GATAL lacking the C-terminal region
could not sustain erythropoiesis in zebrafish mutant Viad tepes
(27). A nonsense mutation at codon 339 in zebrafish GATA1
gene gave rise to massive deletion of GATA1 from the C-finger
tail to the C terminus (Fig. 1A4). This deletion resulted in weak-
ened interaction of mutant GATA1 with the GATA box and
caused the bloodless phenotype (27, 28). Therefore, to evaluate
the function of the C-terminal region, we generated two C-ter-
minal truncated types of mouse GATAL1 (Fig. 1B). One was the
GATA1 mutant similar to the zebrafish vlad tepes mutant
(truncated at amino acid 305), and the other was GATA1 lack-
ing 95 amino acids of the C-terminal region by introducing
nonsense mutation at codon 319 (Fig. 14). We referred to these
GATAI mutants to as GIAC305 and G1AC319, respectively
(Fig. 1B). In addition, we constructed GIANT and G1ANCT
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FIGURE 1. Deletion of C-terminal region attenuates the transactivation
activity of GATA1. A, sequence alignment of mouse and zebrafish GATA1 at
the C-finger and basic tail regions. Basic region is highlighted with a gray
background, and the closed circles indicate the amino acid residues that make
direct interaction with the minor groove of DNA (28). Cysteine residues in the
C-finger domain and lysine residue responsible for self-association potential
are marked with a black background. B, GATA1 deletion mutants are schemat-
ically illustrated. Numbers indicate position of amino acid residues. C, transac-
tivation activity of GATA1 mutant proteins. Note that transactivation activity
is significantly reduced by the deletion of C-terminal region. Data are pre-
sented as mean = S.D. (¥, p < 0.05).

mutants by removing 83 amino acids of the N-terminal region
from wild-type GATA1 and G1AC319, respectively.

To examine the contribution of the C-terminal region for
transcriptional regulation, we executed luciferase reporter
assays with these GATA1 deletion mutants. Transactivation
activity of GIANT was decreased to the ~30% level of the wild-
type GATA1 activity (Fig. 1C). This result is consistent with our
previous study (12). Of note, transactivation activity of
G1AC319 was also markedly decreased to ~30% level of the
wild-type GATAL activity (Fig. 1C). Although there still
remained certain transactivation activity in these two mutants,
such activity had disappeared from the G1AC305 mutant
because of the lack of DNA binding. Importantly, concomitant
deletion of the 83 amino acids of N-terminal region from the
G1AC319 completely abolished its transcriptional activity.
These results indicate that the C-terminal region (319 -413) of
GATALI retains transactivation activity. We therefore referred
this region to as C-terminal transactivation domain (C-TAD).

DNA Binding and Self-association Activities of GATAI Are
Not Influenced by the C-terminal Deletion—Because GIAC319
possesses the entire basic tail region of GATA1 C-finger, the
DNA binding ability of GIAC319 should be equivalent to that
of the wild-type GATAL. To verify this point, we examined the
DNA binding ability of GIAC305 and G1AC319. To this end,
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FIGURE 2. DNA binding and self-association capacity are intact in GATA1
lacking C-terminal 95 amino acids. A, EMSA of mutant GATA1 binding to a
single GATA box. Closed and open arrowheads indicate DNA and MBP fusion
GATA1 complexes of wild type and mutant, respectively. Arrows indicate DNA
complexes with endogenous GATAT extracted from mouse erythroleukemia
(MEL) cells. B, GST-pulldown assays performed using GST-fused GATA1 frag-
ments consisting of the indicated amino acids. These peptides were incu-
bated with gradated amounts of MBP fusion GATA1. The amount of captured
proteins was estimated by immunoblotting to detect MBP fusion protein uti-
lizing anti-MBP antibody (closed arrowhead). Equal volumes of the GST-fused
GATA1 fragments-Sepharose bead fractions were used for the pulldown
assay, and protein amounts were assessed by immunoblotting against GST
(open arrowhead).
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MBP was fused to the N termini of these mutants, and MBP
fusion proteins were purified. We then conducted EMSA using
a single GATA site of the mouse a-globin gene promoter (18)
and the purified proteins. Band corresponding to the
G1AC305-probe complex was not detectable in this EMSA
analysis (Fig. 24). This is in very good agreement with the pre-
vious report (27). In contrast, bands corresponding to the com-
plexes containing GIAC319 or GIANCT mutant as well as
wild-type GATA1 were clearly detectable (Fig. 24).

Because the N-finger domain of GATAL1 contributes to DNA
binding with palindromic GATA sequences in collaboration
with the C-finger domain (29), there is a possibility that dele-
tion of the C-terminal region might affect the DNA binding
ability of GATAL to a certain type of GATA boxes. To assess
this possibility, we performed EMSA using a palindromic
GATA motif in the chicken Gatal gene promoter, whose
expression was attenuated by N-finger dysfunction (30). We
also examined a double GATA motif artificially synthesized
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from the palindromic GATA motif in chicken Gatal gene pro-
moter. The result demonstrated that GIAC319 and GIANCT
bound to the palindromic and double GATA motifs as similarly
as the wild-type GATA1 did. In contrast, we could not detect
the band of the G1AC305 complex (supplemental Fig. S1).
These results are consistent with those obtained by using the
single GATA motif. We also confirmed that deletion of the
C-terminal region (AC319) did not affect the off-rates of
GATA-DNA binding onto any type of GATA motifs by means
of a competitive dissociation assay (data not shown).

GATAL1 self-association (or dimerization) is known to be
important for the GATA1 function (31). The domain for
GATA1 dimerization overlaps with basic tail region of the
C-finger domain, and the Lys-312 residue is important for the
self-association ability (19). Therefore, we examined whether
the lack of the C-terminal region affected the self-association
ability of GATAL. For this purpose, we carried out GST-pull-
down assays using MBP fusion GATAl and GST fusion
GATALI fragments corresponding to amino acids 200-305,
200-319, and 200-322. These peptides were bound to gluta-
thione-Sepharose beads and pulled down MBP fusion GATA1,
and immunoblot analyses were performed with anti-MBP anti-
body. As shown in Fig. 2B, a comparable amount of GATA1
protein was captured by 200-319 peptide to that by 200-322
peptide. In contrast, a lesser amount of MBP-GATA1 was pre-
cipitated by the 200-305 peptide, indicating that self-associa-
tion potential was preserved in GIAC319, but the ability was
disturbed in G1AC305. Thus, these results demonstrate that
the marked decrease of transactivation activity of G1IAC319
was irrelevant to the impairment of the DNA binding ability
and self-association potential.

N-TAD and C-TAD Are Two Independent Transactivation
Domains with Degron Activity—Results thus far support the
notion that the C-terminal region of GATA1 acts as the
C-TAD. To further verify this notion, we examined the nature
of the transactivation activity of C-TAD. We fused the C-TAD
of GATA1l to GAL4 DNA-binding domain (GAL4-DBD)
within the pcDNA-pGBT9 expression vector (Fig. 34) and
transfected it into QT6 cells with reporter plasmid directed by
the upstream activating sequence (17).

In this experiment, we noticed that proteins containing
either the N- or C-terminal region of GATA1 were easily
degraded (supplemental Fig. S2). Although no lysine residue for
ubiquitination was located in the N- and C-terminal regions, a
proteasome inhibitor MG132 stabilized the GAL4-DBD-
GATALI fusion proteins containing the C-terminal region (sup-
plemental Fig. S2). Consistent with this finding, we previously
found that the transactivation domain located in the C termi-
nus of GATA2 was easily degraded through the proteasome
pathway upon fusing with GAL4-DBD, although no lysine res-
idue was found in the region (17). We speculate that the C-ter-
minal region of GATAL1 acts as a degron functional in the pro-
teasome pathway. Less effect of MG132 in the expression of
protein containing N-TAD suggests an important possibility
that this region may transduce the signal to an alternative intra-
cellular protein degradation pathway, which concomitantly
controls the level of this protein.
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FIGURE 3. C-terminal region (319 -413) confers transactivation activity to
GAL4-DBD. A, schematic illustration of GAL4-DBD fusion constructs used in
transactivation assay. B, QT6 cells were transfected with reporter plasmid and
the indicated effectors. Expression of GAL4-DBD fusion constructs in QT6 cells
was detected by anti-GAL4 antibody. Transfection efficiency was estimated
by expression of green fluorescence protein derived from co-transfected
pPEGFP-N2. Data are presented as mean = S.D. (¥, p < 0.05).

We conducted luciferase reporter assay in the presence of
10-um MG132 during the last 5 h. The expression levels of
proteins were equivalent except for that of GAL4-DBD fused
with N-terminal region (1-83). To our expectation, the N-ter-
minal 83-amino acid (i.e. N-TAD) possesses strong transactiva-
tion activity as reported previously (13). In addition, we found
that the internal region (86 —200) and the C-terminal 95 amino
acids conferred a 9- and 15-fold increase in the reporter expres-
sion, respectively (Fig. 3B), indicating that these two regions
also retain transactivation activity. In contrast, the finger region
of GATA1 (200-318) did not lead to the transactivation. Inter-
estingly, the transactivation activity in the C-terminal 95 amino
acids (i.e. C-TAD) completely vanished when this segment was
fragmented into two (319-358 and 359 —413), suggesting that
entire C-terminal region is required for enhancing the heterol-
ogous promoter activity. Considering the results of GAL4-DBD
assays and markedly weaker transactivation activity in
G1ANCT than in GIANT (Fig. 1C), we concluded that the
transactivation activity of GATAL is supported by at least two
transactivation domains, N-TAD and C-TAD.

C-TAD Is Essential for Embryonic Hematopoiesis—Targeted
disruption of mouse Gatal gene causes embryonic lethality due
to the perturbation of primitive erythropoiesis (7, 9, 10). To
examine the importance of the transactivation activity con-
ferred by C-TAD in vivo, we exploited transgenic complemen-
tation rescue analysis utilizing GATA1 knockdown male
(Gatal*?>"¥) mice. As this Gatal.05 knockdown allele supports
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GATAL1 expression only 5% of the endogenous level, male
mutant embryos (Gatal’?*’*) die by E11.5. On the contrary,
heterozygous female (Gatal’°*"*) mice are viable and fertile,
bearing various degrees of anemia and thrombocytopenia due
to random inactivation of X chromosome (9). Transgenic
expression of GATA1 using GIHRD rescues the Gatal”%*""
mice from hematopoietic abnormalities and embryonic lethal-
ity (32).

We established multiple transgenic mouse lines that
expressed GI1AC319 under the GIHRD regulation. These
mouse lines were categorized into three groups depending on
the expression level of transgene mRNA (12). We selected three
mouse lines, in which the transgene was expressed at a higher,
an almost equivalent, and a lower than the endogenous GATA1
in the spleen (supplemental Fig. S3A). We referred these mouse
lines to as G1AC319-H, GIAC319-M, and G1AC319-L. The
expression levels of the GIAC319 protein were comparable
with the levels of the transcript (supplemental Fig. S3B).

The progeny of crossing the GIAC319-H male mice with
heterozygous Gatal knockdown female (Gatal’®>*) mice
showed complete conformity with Mendelian expectations.
We obtained 11 rescued pups (ACTR-H) out of 84 pups. Hema-
topoietic indices in 3-day-old pups showed slightly anemic
parameters in rescued pups, which were out of statistical signif-
icance (supplemental Fig. S4A4). On the contrary, ACTR-M and
ACTR-L embryos were readily distinguishable from their wild-
type littermates by their anemic appearance (Fig. 4A4). We
obtained 7 living ACTR-M embryos at E13.5 out of 57
embryos. The appearance of ACTR-M embryos varied embryo-
to-embryo (data not shown). Circulating erythrocytes were
decreased, and fetal liver was small and pale compared with
those in the wild-type littermates (Fig. 4A4). Histological exam-
ination revealed that the number of hemoglobinized erythro-
cytes was decreased in the ACTR-M embryos (supplemental
Fig. S4B). Importantly, severity of anemia was in inverse corre-
lation with the expression level of the transgenic ACTR.
ACTR-L embryos hardly survived beyond E11.5 due to the
severe defect in both primitive (yolk sac) and definitive (fetal
liver) erythropoiesis (supplemental Fig. S4C). Thus, these
results indicate that C-TAD is responsible in both primitive and
definitive erythropoiesis, and the defect in GATA1 function
caused by the lack of C-TAD can be compensated for depend-
ing on the amount of G1AC319 expressed.

In the erythroid differentiation process, c-Kit-positive
immature progenitors gradually express transferrin receptor
(CD71). Subsequently, the c-Kit expression is down-regulated
concomitant with the expression of glycophorin A, which is one
of the major membrane proteins of mature erythrocyte. Ter119
antibody recognizes a molecule associated with glycophorin A,
and the intensity of Ter119 corresponds to the expression level
of glycophorin A on the surface of erythroid cells (33). There-
fore, we assessed erythroid differentiation in E13.5 fetal livers of
ACTR-M and ANTR, which was Gata I’ %Y mice rescued with
transgenic expression of GIANT at a comparable level to
endogenous GATAI, by measuring the expression of c-Kit,
CD71, and Ter119 (12). As shown in Fig. 4, CD71 and Ter119
expression was weak in both ACTR-M and ANTR embryos
compared with that in their wild-type littermates.
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FIGURE 4. Impaired erythroid differentiation in ACTR embryos. A, ACTR-M embryo (right panel) is distinguished from its wild-type (WT) littermate (left panel)
by the anemic appearance. Small and pale livers of ACTR-M embryos are shown in the inset. Band C, flow cytometry evaluation of erythroid differentiation. Fetal
liver monoclonal cells of E13.5 embryos of ANTR (B) and ACTR-M (C) were analyzed with the expressions of c-Kit and CD71 (upper panels) or CD71 and Ter119
(lower panels) in a Ter119-negative or c-Kit-negative fraction, respectively. Wild-type littermate was used as control.

C-TAD Is Required to Regulate a Set of GATAI Target
Genes—We next examined roles C-TAD plays during the
erythroid cell differentiation. As reduced expression of
GATAI target genes is predicted, we examined the expres-
sions of hemoglobin-B1 (Hbb-b1), erythroid 5-aminolevuli-
nate synthase (Alas2), and transferrin receptor 1 (7frI) in the
liver of E13.5 ACTR-M and ANTR embryos by means of
quantitative RT-PCR analyses. As expected, expressions of
Hbb-b1, Alas2, and Tfrl were severely impaired in both
embryos, although the transgene-derived Gatal gene ex-
pression was maintained (Fig. 5, A and B).

We searched for GATAL target genes whose expression was
differentially regulated by the N-TAD and C-TAD. Impor-
tantly, we found that the expression of uroporphyrinogen III
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synthase (Uros) was specifically reduced in the ANTR embryos,
although the expression was maintained in the ACTR-M
embryos (Fig. 5C). In stark contrast, the expression of E2F tran-
scription factor 4 (E2f4) gene was reduced only in ACTR-M
embryos (Fig. 5C). Uros is a gene responsible for congenital
erythropoietic porphyria (CEP). Two alternative promoters
were identified in the UROS/Uros gene in humans and mice, by
which housekeeping and erythroid-specific transcripts were
produced (34, 35). Various mutations in close proximity of the
GATA-binding sequences in the erythroid-specific promoter
were reported in the families with CEP (36). In addition, an
inherited mutation in the GATA1 gene leading to the produc-
tion of GATA1 with weak DNA binding activity was identified
to cause CEP (37). These broad observations suggest that the
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FIGURE 5. Overlapping and unique expression profiles of GATA1 target
genes in the ACTR and ANTR embryos. A and B, quantitative RT-PCR ana-
lyses of Hbb-b1, Alas2, and Tfr1 genes using E13.5 fetal livers of ANTR (A) and
ACTR-M (B). Data are shown relative to the expression of wild-type embryo.
G, quantitative RT-PCR analyses of Uros and E2f4 genes using E13.5 fetal livers
of four wild-type, three ANTR, and five ACTR-M embryos. Two primer sets
corresponding to erythroid-specific 5'-untranslated region in exon 2 and
common coding region in exon 9-10 of Uros gene were utilized for amplify-
ing the erythroid-specific (erythroid) and total (whole) Uros transcripts, respec-
tively. Data are shown relative to the average expression of wild-type
embryos. (*, p < 0.05).

GATAI mutation leading to the decrease of the N-TAD activity
may give rise to CEP.

Because E2F4 contributes to the cell cycle regulation as a
repressor for the E2F-responsive gene expression (38), prolifer-
ation of erythroid cells is specifically affected by the lack of E2F4
in mice without attenuation of differentiation and cell survival
process (39). Although seven GATA sites are scattered within 1
kbp upstream to the mouse E2f4 gene (Fig. 6A4), we found strong
occupancy of GATALI at a site proximal to the E2f4 gene (R4 in
Fig. 6B). We did not identify significant GATA1 occupancy in
other regions of the E2f4 gene. This observation shows very
good agreement with the data in University of California Santa
Cruz genome browser. Thus, E2f4 is one of the GATAI target
genes whose expression depends on the C-TAD activity. Taken
together, these results support the contention that C-TAD and
N-TAD contribute to the erythroid differentiation program
through regulation of overlapping as well as unique target
genes.

C-TAD Is Essential to Control Megakaryocytic Prolifera-
tion—The expression profiles of the platelet glycoprotein
IIb/I1Ia complex were examined using anti-CD41 and -CD61
antibodies. The number of CD41"CD617" cells was signifi-
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FIGURE 6. GATA1 regulates expression of E2f4 gene. A, schematic illustra-
tion of the upstream region of mouse E2f4 gene. Arrowheads indicate puta-
tive GATA-binding sites. Regions (R7 to R4) amplified in the ChIP analysis are
shown with bidirectional arrows. B, ChIP analysis for detection of GATA1 occu-
pancy in the upstream region of £2f4 gene. DNA fragments immunoprecipi-
tated (/P) with GATA1-N6 antibody rendered for indicated cycles of amplifica-
tion. A 10 times diluted input DNA was used as a positive control for PCR.
Samples of control immunoprecipitation reaction with control IgG were also
included. Note that the DNA fragments immunoprecipitated with antibody
to GATA1 were amplified in the R4 region. Representative data from three
independent experiments are shown.

cantly increased in the ACTR-M embryos compared with
the wild-type littermates (Fig. 7A, upper panels). Most
CD41%CD617 cellsin the ACTR-M embryos were c-Kit pos-
itive, although CD41*CD61" cells in wild-type embryos
were not (Fig. 7A, lower panels), suggesting that the number
of immature megakaryocytes was increased.

This hyperproliferative phenotype of megakaryocyte is sur-
prising, as similar phenotype occurs in humans and mice
because of the lack of N-TAD (40, 41). To assess the relevance
of these observations, we executed in vitro megakaryocyte dif-
ferentiation assays. We isolated hematopoietic cells from E13.5
fetal livers of Gatal®N°*""Y mice, which lack GATA1 expres-
sion specifically in megakaryocytes (21), and retrovirally trans-
duced a series of GATA1 mutants. After a 1- or 2-day incuba-
tion in the presence of 50 ng/ml thrombopoietin and 50 ng/ml
stem cell factor, we conducted flow cytometry analyses. Con-
sistent with a previous report (42), the number of ¢-Kit"CD41™"
immature megakaryocytes was decreased by the expression of
wild-type GATAL, but GIANT did not influence the prolifera-
tion of c-Kit"CD41™" cells, similar to the case for empty vector
(Fig. 7, Band C). Although the expression of G1AC319 partially
reduced the number of c-Kit*CD41™" cells, it could not recapit-
ulate the entire function of wild-type GATAL. These findings
thus indicate that both N-TAD and C-TAD contribute to the
regulation of early megakaryocyte proliferation.

DISCUSSION

Domain function of GATAL1 has been studied extensively, as
the characterization of the molecular basis for the GATA1
activity is vital for our better understanding of the pathogenesis
of human diseases. In this study, we identified for the first time
the importance of the C-terminal region of GATAL1 as a trans-
activation domain, and we named this region C-TAD. As is the
case for N-TAD, C-TAD is indispensable for the GATA1 activ-
ity in both erythroid and megakaryocytic lineage development
in embryos. Thus, in this study we demonstrated that GATA1
has two transactivation domains, N-TAD and C-TAD, each of
which contributes to the erythroid and megakaryocytic cell dif-
ferentiation through regulation of overlapping as well as unique
target genes.
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FIGURE 7. Both N-TAD and C-TAD are involved in the GATA1-mediated megakaryocyte growth control. A, flow cytometry analysis of E13.5 fetal livers.
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We have revealed by exploiting genetically manipulated
mouse lines that three functional domains of GATAL, i.e.
N-TAD, N-finger, and C-finger domains, are indispensable for
operating the full activity of GATA1 (12, 41, 43). Dysfunction of
these domains leads to characteristic features. For instance,
somatic mutations in the GATAI gene, which result in the pro-
duction of GATA1-ANT (or GATA1s), are a prerequisite for
the onset of transient myeloproliferative disorder (TMD) and
subsequent acute megakaryoblastic leukemia (AMKL) in Down
syndrome patients (44). Similarly, GATA1 mutations in the
N-finger domain were found in multiple cases with familial
anemia and thrombocytopenia (45—48). In the latter cases, the
association potential of GATA1 with either FOG1 or GATA-
box DNA was attenuated, indicating that the N-finger domain
is important for the GATA1 activity. In contrast, the impor-
tance of the C-terminal region was first assessed in the Viad
tepes mutant that leads to the bloodless phenotype in zebrafish
(27). However, this phenotype is because of the complete loss of
DNA binding ability. Therefore, the genuine function of C-ter-
minal regions of GATA1 remained to be clarified.
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Primary structures of transactivation domains are catego-
rized into three types, i.e. acidic, glutamine-rich, or proline-rich
(49). The GATA1 N-TAD is categorized into the acidic trans-
activation domain. The acidic domain can form amphipathic
a-helical structure and interacts with TFIID (50). It has been
proposed that interaction of the acidic domain with compo-
nents of the transcription initiation complex stabilizes the gen-
eral transcription apparatus and promotes transcription initia-
tion (51). Primary structures of N-TAD and C-TAD are
relatively diversified in vertebrate homologues compared with
other hematopoietic GATA factors, GATA2 and GATA3 (sup-
plemental Fig. S5). The latter GATA factors also possess an
acidic transactivation domain in the N-terminal region (13, 17,
52). In contrast, the C-terminal regions of the hematopoietic
GATA factors are rich in proline residues.

In this study we demonstrated that the C-terminal region of
GATALI1 indeed functions as a transactivation domain. This is
consistent with our previous observation suggesting that the
C-terminal proline-rich region of GATA2 works as a transacti-
vation domain (17). Thus, hematopoietic GATA factors appear

VOLUME 287 +NUMBER 25+JUNE 15, 2012


http://www.jbc.org/cgi/content/full/M112.370437/DC1
http://www.jbc.org/cgi/content/full/M112.370437/DC1

to harbor two independent transactivation domains, the acidic
domain in the N-terminal region and the proline-rich domain
in the C-terminal region. We propose that these two transacti-
vation domains orchestrate the regulation of the GATA1 target
genes cooperatively and/or independently in vivo, and this
machinery is important for the erythroid and megakaryocytic
lineage development (supplemental Fig. S6).

We found that GAL4-DBD fused with N-TAD or C-TAD is
unstable, suggesting that these domains act as degrons in QT6
cells. It is interesting to note that deletion of either N- or C-ter-
minal region rather made GATA1 unstable in hematopoietic
cells (53). One simple explanation for this discrepancy is that
truncations of these domains render GATA1 a less folded pro-
tein to be easily recognized by intracellular protein quality con-
trol systems. The other and more intriguing possibility is that
the transactivation complex consisting of N- or C-TAD in
hematopoietic cells is different from that in nonhematopoietic
cells. Transactivation domains generally lack stable structure,
but they can fold into stable complex with the components of
the basal transcription machinery (54). Therefore, the tran-
scription initiation complex on the endogenous GATA]1 target
genes may fold tightly in hematopoietic cells, but not so on the
promoter region of the artificial reporter gene in the nonhema-
topoietic cells. We also found that the proteasome inhibitor
MG132 effectively stabilized GAL4-DBD fused with C-TAD.
Because the unstructured region in the ubiquitinated substrate
is required for the initiation of degradation in the proteasome
system (55), GATA1-C-TAD may act as an initiation mark of
degradation in nonhematopoietic cells.

Although the phylogenic tree analysis revealed that N-TAD
and C-TAD are diversified regions (supplemental Fig. S5), we
previously found that the GATA1 knockdown (Gatal”®"")
mice were effectively rescued by the transgenic expression of
GATA2 or GATA3 if expressed under the regulatory control of
G1HRD (32). These results suggest that functional similarity
of N-TAD and C-TAD is preserved and acts to overcome the
structural diversity of these regions. As a consequence, expres-
sion of GATA2 or GATA3 successfully compensates for the
GATALI deficiency during embryogenesis, although the inci-
dence of anemia with aging was increased in these paralog res-
cued mice (32).

On the contrary, transgenic expression of GATA4 cannot
rescue Gatal*%* mice from embryonic lethality. GAT A4-res-
cued mice survive only few days longer than Gata1”%"" (56).
GATA4 belongs to the endodermal GATA factor family, in
which two independent proline-rich transactivation domains
are localized in the N-terminal region, but no transactivation
domain is identified in C-terminal region (57). Genome-wide
sequence analyses revealed that the hematopoietic and endo-
dermal GATA factors share high similarity in the GATA bind-
ing core sequences (4, 5, 58), suggesting that GAT A4 expressed
in hematopoietic lineages effectively binds to the GATA boxes
of target genes.

We surmise one of the major reasons why GATA4 cannot
rescue effectively the Gatal’°*”* mice is that transactivation
mechanisms of endodermal GATA factors do not operate well
under the hematopoietic environment. Interestingly, trans-
genic expression of the chimeric GATA factor, in which N-ter-
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minal half (i.e. N-TAD and N-finger) of GATA4 was fused with
C-terminal half (C-finger and C-TAD) of GATA1, gaverise to a
longer life span of Gatal”%*’¥ rather than simple GATA4 did
(56). It seems that the transactivation activity of GATA1
C-TAD made certain contributions to the regulation of
GATALI target genes.

Most of the mutations found in the Down syndrome-related
TMD and AMKL cases are localized in or neighboring exon 2 of
the GATAI gene. These mutations result in the forced use of
the second methionine in the exon 3 as a translation initiation
codon, leading to the production of short form GATAI1
(GATAT1s) lacking the N-terminal 83 amino acids fragment or
N-TAD. Therefore, it has been considered that the impaired
transactivation activity of GATA]1 is one of the most important
causes for the pathogenesis of TMD and AMKL. On the con-
trary, in this study we have revealed that GATA1-ANT (or
GATAIs) still retains transactivation activity supported by
C-TAD. This finding provides evidence that a skewed transac-
tivation activity caused by C-TAD is involved in the onset of
Down syndrome TMD and AMKL.
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