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The activity of transcription factors is tightly modulated by post-
translational modifications affecting stability, localization, and
protein–protein interactions. Conjugation to SUMO is a reversible
posttranslational modification that has been shown to regulate
important transcription factors involved in cell proliferation, dif-
ferentiation, and tumor suppression. Here, we demonstrate that
the erythroid transcription factor GATA-1 is sumoylated in vitro
and in vivo and map the single lysine residue involved in SUMO-1
attachment. We show that the nuclear RING finger protein PIASy
promotes sumoylation of GATA-1 and dramatically represses its
transcriptional activity. We present evidence that a nonsumoylat-
able GATA-1 mutant is indistinguishable from the WT protein in its
ability to transactivate a reporter gene in mammalian cells and in
its ability to trigger endogenous globin expression in Xenopus
explants. These observations open interesting questions about the
biological role of this posttranslational modification of GATA-1.

GATA proteins constitute a family of zinc finger transcription
factors that bind the core consensus DNA sequence (T�

A)GATA(A�G) and play essential roles in diverse developmen-
tal processes (1). Several GATA proteins have been identified in
vertebrates (GATA-1–GATA-6) as well as in yeast, fungi, Dro-
sophila melanogaster, Caenorhabditis elegans, and Arabidopsis
thaliana (2). Of these, GATA-1 is abundantly expressed in
erythroid, megakaryocytic, and mast-cell lineages, as well as in
Sertoli cells of the testis (3, 4). GATA-binding sites are found in
the promoters of virtually all erythroid- and megakaryocyte-
specific genes studied, including GATA-1 (3). Gene-targeting
and loss-of-function studies have proved that GATA-1 plays an
essential role in erythro- and megakaryopoiesis. GATA-1
knockout mice die at day 10.5 of gestation because of severe
anemia with arrest of erythroid maturation (5, 6). Accordingly,
embryonic stem cell mutants at the GATA-1 locus fail to
contribute to the erythroid lineage in chimeric mice (7); forma-
tion of other hematopoietic lineages is not affected, but GATA-
1��� megakaryocytes hyperproliferate and fail to complete
maturation (8).

The function of GATA-1 is tightly modulated by interaction
with transcriptional cofactors such as the FOG proteins (9) and
PU.1 (10), as well as by an array of posttranslational modifica-
tions (11). GATA-1 is phosphorylated in vivo within the N
terminus (12), and inhibition of phosphatases increases the
binding of GATA-1 to target sequences in the human erythroid
cell line K562 (13). GATA-1 is also acetylated on sequences
surrounding the C-terminal finger, and this modification stim-
ulates its transcriptional activity in vivo (14). Finally, it has been
shown that in erythroid cells GATA-1 localizes to specific
subnuclear compartments that might favor protein–protein in-
teractions and further posttranslational modifications (15).

SUMO-1 is a small ubiquitin-related protein that, similarly to
ubiquitin, can be covalently linked to protein substrates (16). The
pathways for conjugation of the two peptides are distinct but
share several similarities, and SUMO-specific E3 ligases have
been recently identified (16). Among the ligases is the family of

PIAS [protein inhibitors of activated STATs (signal transducers
and activators of transcription)] nuclear proteins that function as
SUMO ligases for STATs and a number of other proteins
(17–21). In contrast to ubiquitination, sumoylation does not
target a protein for degradation but may affect its localization,
stability, and activity with crucial implications for many cellular
processes (16, 22). Notably, the activity of several transcription
factors such as p53, c-Jun, androgen receptor, and Lef1�Tcf is
modulated by conjugation to SUMO (23–25).

Here we show that GATA-1 is conjugated to SUMO-1 both in
vitro and in vivo, and we map the single lysine residue involved
in the modification. We also show that PIASy physically interacts
with GATA-1 and enhances its sumoylation. The interaction
between PIASy and GATA-1 is not affected by mutation of the
sumoylatable lysine and results in a dramatic inhibition of
GATA-1-dependent transcription. We finally show that a non-
sumoylatable GATA-1 mutant is indistinguishable from the WT
protein in a number of experiments, suggesting that sumoylation
may provide a fine modulation of GATA-1 activity that escapes
detection in transient overexpression assays.

Methods
Cell Lines. Cells were cultured at 37°C in DMEM or RPMI
medium 1640 supplemented with 10% FCS and antibiotics.
U2OS and MG63 are human osteosarcomas. MEL is a murine
erythroleukemia, and HEL and K-562 are human erythroleu-
kemias. 293T is a derivative of a human embryonic kidney cell
line.

Plasmids. The cDNA-encoding murine GATA-1 was cloned in
pcDNA3 (Invitrogen). Mutant K137R was generated by PCR-
directed mutagenesis. Both WT and mutant GATA-1 were
transferred in pCS2� vectors for in vitro synthesis of capped
mRNA for microinjection. The luciferase reporter plasmid used
in transactivation assays contains three repeats of the GATA
consensus cloned upstream of a minimal metallothionein pro-
moter in the pGL3-basic vector (Promega). The plasmid pCMV-
T7-PIASy is described in ref. 20, and the myc-LUC reporter is
described in ref. 26.

In Vitro SUMO Conjugation. GATA-1 was translated in vitro by
using the TNT rabbit reticulocyte lysate system (Promega) and
[35S]methionine. Murine Ubc9 and GST-SUMO-1 were ex-
pressed in Escherichia coli and purified as described in ref. 27,
and as a source of SUMO-activating enzyme (E1), protein
extracts were prepared from NIH 3T3 fibroblasts and fraction-
ated by anion exchange chromatography (27). In vitro sumoyla-
tion assays were performed as described in ref. 28.
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Immunoprecipitation and Western Blotting. For immunoprecipita-
tions, cells were harvested 36 h after transfection in 1 ml of
ice-cold radioimmunoprecipitation assay buffer containing 10
mM N-ethylmaleimide, 1 mM PMSF, and protease inhibitors.
Lysis was performed at 4°C for 20 min. Lysates were incubated
for 4 h at 4°C with primary antibodies prebound to 20 �l of
protein A-sepharose (Amersham Biosciences). Beads were
washed three times with 1 ml of ice-cold lysis buffer before
elution with Lemmli sample buffer.

For coimmunoprecipitation experiments, cells were lysed in a
buffer containing 50 mM Hepes at pH 7.5, 150 mM NaCl, 10%
glycerol, 0.1% Tween 20, 10 mM N-ethylmaleimide, 1 mM
PMSF, and protease inhibitors. The following primary antibod-
ies were used: 21C7 monoclonal anti-SUMO (Zymed), poly-
clonal anti-GFP (Invitrogen), N6 monoclonal anti-GATA-1
(Santa Cruz Biotechnology), and monoclonal anti-T7 epitope
(Novagen).

RT-PCR. Blood induction in animal caps was performed as de-
scribed in ref. 29. Xenopus laevis embryos were obtained by in
vitro fertilization, dejellied in 2% cysteine, and grown in 0.1�
Marc’s modified Ringer solution. Capped mRNAs were tran-
scribed by using the mMESSAGE mMACHINE SP6 Transcrip-
tion Kit (Ambion, Austin, TX) and injected at a volume of 4 nl
per blastomere. Animal caps were dissected at stages 8–9 and
incubated in 0.5� MMR containing 50 ng�ml recombinant
human basic fibroblast growth factor (Roche Diagnostics) until
sibling embryos reached stages 30–35. Total RNA was extracted
by using the RNeasy procedure (Qiagen, Valencia, CA). Radio-
active semiquantitative RT-PCR was performed on random
primed cDNA by using primers described in ref. 29.

Transfections and Luciferase Assays. Transfections were performed
by using the calcium phosphate precipitate method or by lipo-
fection with FuGENE (Roche Diagnostics). For luciferase as-
says, U2OS cells in 3-cm Petri dishes were lipofected with 400 ng
of the reporter, 250 ng of GATA-1-expression plasmids, and 200
or 400 ng of pCMV-T7-PIASy. In all samples, 40 ng of the
plasmid pRL-CMV (Promega) encoding Renilla luciferase were
included for normalization of transfection efficiency. After 36 h,
cells were lysed and assayed by using the Dual Luciferase kit
(Promega). Relative luciferase activity is the ratio of firefly to
Renilla luciferase activity, normalized to the activity of the
reporter alone. Expression levels of transfected proteins were
verified by immunoblotting of the lysates normalized for trans-
fection efficiency. MEL, HEL, and K-562 erythroid cells were
lipofected by using Tfx-50 (Promega) as described in ref. 30.

Results
Identification of a Functional Sumoylation Site in GATA-1. Inspection
of the sequence of murine GATA-1 revealed the presence of the
tetrapeptide LKTE centered on lysine 137 within the N-terminal
transactivation domain. This sequence conforms to the consen-
sus found in most sumoylated proteins (16) and is conserved
among mammals, amphibians, and fish (Fig. 1). To test whether
GATA-1 might be a previously unrecognized substrate for
SUMO modification, we used an in vitro sumoylation assay in
which radioactively labeled GATA-1 is incubated in the presence
of recombinant SUMO conjugating enzymes and bacterially
expressed GST-SUMO-1 (27). As shown in Fig. 2A, in vitro
translated GATA-1 migrates as two bands, the shorter isoform
(GATA-1s) being generated by using an internal initiation codon
(31). When E1, mUbc9, and GST-SUMO-1 were included in the
reaction mixture, slower migrating forms of the two GATA-1
proteins were detected. These forms were only produced when
all components of the sumoylation pathway were present and
were not detected when we used a SUMO-1 deletion lacking the
C-terminal glycine required for attachment to substrates (GST-

SUMO�6). These observations suggest that the slower migrating
bands are sumoylated GATA-1 and GATA-1s. Based on the
apparent molecular weights, a single molecule of GST-SUMO-1
is attached to GATA-1 under these conditions.

GATA-1 Is Sumoylated in Mammalian Cells. To verify that sumoyla-
tion of GATA-1 occurs in vivo, we cotransfected 293T cells with
GATA-1 and GFP-SUMO-1 expression plasmids and visualized
GATA-1 by immunoblotting. We used a monoclonal antibody
(N6) that recognizes an N-terminal epitope not present in the
short isoform GATA-1s (31). As shown in Fig. 2 B and C, a
slower-migrating band is clearly detected in cells ectopically
expressing GATA-1 and GFP-SUMO-1. We demonstrated that
the higher-molecular-weight band corresponds to sumoylated
GATA-1 by immunoprecipitating GATA-1 and blotting the
immune complexes with an antibody to SUMO-1 (Fig. 2C). To
test the requirement of lysine 137 for conjugation, we replaced
it with arginine by site-directed mutagenesis. As shown in Fig. 2
B and C, the resulting protein (GATA-1 K137R) was no longer
modified, demonstrating that this conserved residue is the major
SUMO-1 attachment site.

Because the above experiments were performed in cells that
do not express GATA-1, we asked whether endogenous GATA-1
might be sumoylated in erythroid cells. To this aim we immu-
noprecipitated sumoylated proteins from murine erythroleuke-
mia cells by using a monoclonal antibody to SUMO-1 and blotted
the immune complexes with an antibody to GATA-1. As shown
in Fig. 2D, a band of �70 kDa was specifically detected in the
anti-SUMO-1 immunoprecipitate, confirming that GATA-1 is
sumoylated in murine erythroleukemia cells. The electro-
phoretic mobility is consistent with addition of a single SUMO-1
chain. We conclude that in these erythroid cells, under nor-
mal growth conditions, a fraction of endogenous GATA-1 is
monosumoylated.

Sumoylation Is Not Required for GATA-1 Transcriptional Activity in a
Number of Assays. We set out to analyze whether sumoylation
might affect GATA-1 transcriptional activity. Because lysine 137
resides within the GATA-1 transactivation domain, we decided
to focus on the intrinsic transactivation activity of GATA-1,
using a system that would not be affected by the complexity of
GATA-1 interactions with transcriptional cofactors. We chose a
luciferase reporter construct in which three copies of the GATA
sequence are cloned upstream of a minimal promoter; this
construct has a moderate basal activity in nonerythroid cells and
responds efficiently to GATA-1 overexpression. We transfected
this construct, together with GATA-1 and increasing amounts of
GFP-SUMO-1 in human MG63, SaOS-2, and U2OS cells, and
assayed for luciferase activity. Although coexpression of GFP-
SUMO increases the fraction of sumoylated GATA-1 (Fig. 2),
we found no reproducible differences in the transcriptional

Fig. 1. Schematic representation of GATA-1 and alignment of the region
surrounding the site of SUMO attachment. Amino acids conforming to the
consensus motif for sumoylation are highlighted. The arrow points to lysine
137 in murine GATA-1.
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activity of GATA-1 in the presence or in the absence of
GFP-SUMO-1 (data not shown). Importantly, we obtained
identical results with the nonsumoylatable GATA-1 K137R
mutant (data not shown). Taken together, these observations
suggest that sumoylation does not affect the activity of GATA-1
on this specific promoter under these experimental conditions.

We next tested whether sumoylation might modulate GATA-1
activity in a well established experimental system where embry-
onic hematopoiesis is recapitulated in animal pole explants from
X. laevis blastulae (32). Treatment with basic fibroblast growth
factor can induce some blood differentiation in animal caps but
produces only few erythrocytes (32); under these conditions
GATA-1 overexpression is sufficient to greatly increase ery-
throid differentiation, which can be measured by expression of
larval globin (33). We injected capped mRNA for WT GATA-1
or GATA-1 K137R in the animal pole of Xenopus embryos at the
two- to four-cell stage. Animal cap explants were excised at
blastula stage and cultured in the presence of basic fibroblast
growth factor until sibling embryos reached tailbud stage. At this
point, expression of �T3 globin was analyzed by RT-PCR.
Because GATA-1 transactivates its own promoter in a positive
regulatory feedback (34, 35) we used Xenopus-specific primers to
analyze expression of endogenous xGATA-1 in the same sam-
ples. As shown in Fig. 3, injection of GATA-1 mRNA efficiently
induced expression of larval globin and xGATA-1; in the same
experiments, coinjection of HA-SUMO-1 mRNA had no repro-
ducible effects. Importantly, �T3 globin and xGATA-1 were
efficiently induced by injection of the mRNA encoding the
nonsumoylatable GATA-1 K137R mutant, indicating that mu-
tation of lysine 137 does not impair GATA-1’s ability to trans-
activate endogenous target genes in Xenopus animal cap
explants.

PIASy Is a SUMO Ligase for GATA-1 and Represses GATA-1 Transcrip-
tional Activity. As shown in Fig. 2, coexpression of SUMO-1
increases the fraction of sumoylated GATA-1, but this fraction
is very small compared with the levels of nonconjugated protein.
Thus, to uncover the effects of sumoylation it might be necessary

Fig. 2. GATA-1 is sumoylated in vitro and in vivo. (A) In vitro sumoylation of GATA-1. Radioactively labeled in vitro translated GATA-1 was incubated in the
presence of recombinant components of the SUMO conjugation pathway as indicated. Two isoforms of GATA-1 are visible (see text). GST-SUMO�6 is a C-terminal
truncation lacking the glycine residues required for attachment to substrates. Reactions were separated by SDS�PAGE and visualized by autoradiography. (B)
Sumoylation of GATA-1 in 293T cells. WT GATA-1 or the K137R mutant were transfected in 293T cells with or without a vector expressing GFP-SUMO-1. Lysates
were separated by SDS�PAGE, and GATA-1 was detected by immunoblotting. (C) Sumoylation of GATA-1 in osteosarcoma cells. WT GATA-1 or the K137R mutant
were transfected in MG63 cells together with GFP-SUMO-1. Lysates were immunoprecipitated with a monoclonal antibody to GATA-1 and immunoblotted with
an antibody to SUMO-1 (Left). IgG heavy chains are indicated. GATA-1 and GFP-SUMO-1 were also detected in total lysates (Right). The asterisk indicates a
nonspecific band recognized by the GATA-1 antibody in these cells. (D) Sumoylation of GATA-1 in mouse erythroleukemia cells. Lysates from murine
erythroleukemia cells were immunoprecipitated with an antibody to SUMO-1 and immunoblotted with an antibody to GATA-1. Immunoprecipitation with an
unrelated monoclonal antibody served as a negative control.

Fig. 3. Blood induction in animal caps, and RT-PCR analysis of erythroid
markers. Eighty picograms of capped mRNA encoding WT GATA-1 or the
K137R mutant were injected in the animal pole of Xenopus embryos, with or
without 2 ng of mRNA-encoding HA-SUMO-1. Animal caps were excised at
stages 8–9 and incubated in the presence of 50 ng�ml basic fibroblast growth
factor. The erythroid markers �T3 globin and xGATA-1 were analyzed by
radioactive RT-PCR when sibling embryos reached stages 30–35. Endogenous
xGATA-1 was amplified by using primers not recognizing the injected mouse
GATA-1 mRNA. EF1� was amplified as a control for RNA levels.
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to find experimental conditions that would increase the fraction
of sumoylated GATA-1. Because members of the PIAS family of
proteins can function as SUMO ligases (18, 20), we asked
whether coexpression of PIASy would increase GATA-1 sumoy-
lation and whether such an increase might result in appreciable
effects on GATA-1 transcriptional activity. We cotransfected
293T cells with expression vectors encoding GATA-1, GFP-
SUMO-1, and T7-PIASy and visualized GATA-1 by immuno-
blotting. The same experiment was performed with the GATA-1
K137R mutant. As shown in Fig. 4A, a slower-migrating band
corresponding to monosumoylated GATA-1 is readily detected
upon transfection of GFP-SUMO-1, but the intensity of the band
is significantly increased by coexpression of PIASy, indicating
that PIASy behaves as an E3 ligase for GATA-1. There is no
evidence for sumoylation of the K137R mutant, even in the
presence of high levels of PIASy. This observation excludes the
existence of latent low-affinity sumoylation sites and further
confirms that lysine 137 is the only requirement for SUMO-1
attachment to GATA-1.

We next analyzed whether the transcriptional activity of
GATA-1 might be affected by PIASy-induced sumoylation with
the luciferase reporter described above. U2OS human cells were
transfected in duplicate with the same plasmid mixtures: one set
of plates was used for luciferase assays, the other was used for
immunoblotting. As shown in Fig. 4B, luciferase assays revealed
that coexpression of PIASy dramatically inhibited GATA-1
transcriptional activity. In parallel, immunoblotting established
that similar levels of GATA-1 were expressed in the samples and

that PIASy had increased the fraction of sumoylated GATA-1.
Upon cotransfection of PIASy a fraction of GATA-1 conjugated
to endogenous SUMO-1 could also be detected.

To test whether the strong transcriptional repression induced
by PIASy might be the consequence of increased GATA-1
sumoylation, we repeated the experiments without addition of
GFP-SUMO-1 and with the nonsumoylatable GATA-1 mutant.
As summarized in Fig. 4C, under these conditions GATA-1
K137R transactivated the reporter as efficiently as WT GATA-1,
and PIASy repressed the transcriptional activity of the K137R
mutant as efficiently as that of the WT protein. Identical results
were obtained in the presence of cotransfected GFP-SUMO-1
(data not shown). In these assays PIASy had no significant effect
on the reporter alone, and GATA-1 proteins were expressed at
comparable levels in all samples. Thus, although PIASy greatly
enhances the fraction of sumoylated GATA-1, its transcriptional
repression activity does not require GATA-1 sumoylation.

Because the above experiments were performed in noneryth-
roid cells, which lack specific cofactors such as FOG, we asked
whether PIASy would also repress GATA-1 transcriptional
activity in erythroid cells. As summarized in Fig. 4D, luciferase
reporter assays in three different erythroleukemia cell lines gave
results very similar to those obtained in nonerythroid cells.

PIASy Repression of GATA-1 Transcriptional Activity Is Specific. To
assess the specificity of PIASy repression of GATA-1 transcrip-
tional activity, we tested the effects of PIASy overexpression on
a construct where luciferase is under the control of the human

Fig. 4. PIASy enhances GATA-1 sumoylation and represses GATA-1 transcriptional activity. (A) PIASy increases GATA-1 sumoylation. WT GATA-1 or the K137R
mutant were transfected in 293T cells together with GFP-SUMO-1 and a vector expressing T7-PIASy as indicated. Lysates were separated by SDS�PAGE, and
GATA-1 was detected by immunoblotting. (B) PIASy inhibits GATA-1-dependent transactivation. A GATA-1-responsive luciferase reporter plasmid was
transfected in U2OS cells together with vectors expressing GATA-1, GFP-SUMO-1, and T7-PIASy as indicated. A plasmid constitutively expressing Renilla luciferase
(pRL-CMV) was included as a control for transfection efficiency. GATA-1 transcriptional activity was measured by a dual luciferase assay (Upper), and GATA-1
protein was analyzed by immunoblotting (Lower). The band indicated by an arrowhead in lane 3 likely corresponds to GATA-1 conjugated to endogenous SUMO.
(C) Sumoylation is not required for PIASy inhibition of GATA-1 transcriptional activity. Reporter experiments were performed in U2OS cells by using either WT
GATA-1 or the nonsumoylatable K137R mutant as described above. Dual luciferase assays were done 36 h after transfection. Lower shows the expression levels
of GATA-1 and T7-PIASy in one representative experiment as detected by immunoblotting. (D) PIASy represses GATA-1 transcriptional activity in erythroid cells.
Reporter experiments were performed in the indicated cell lines transfecting WT GATA-1 with or without T7-PIASy as indicated. Dual luciferase assays were done
36 h after transfection. Relative luciferase activity is expressed as percent of the activity of the GATA reporter in the absence of PIASy.
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c-myc promoter (26). As summarized in Fig. 5A, activity of the
c-myc promoter was not affected. Also, the activity of the human
metallothionein minimal promoter was not inhibited by PIASy,
and we never observed significant changes in the activity of the
human cytomegalovirus promoter driving Renilla luciferase,
which was included in all transfections. Taken together, these
observations support the notion that PIASy inhibition of
GATA-1 transcriptional activity is specific.

We next asked whether PIASy might physically interact with
GATA-1. To this aim, we cotransfected T7-PIASy with either
WT GATA-1 or the K137R mutant. GATA-1 proteins were
immunoprecipitated with a monoclonal antibody, and immune
complexes were analyzed with an antibody to the T7 epitope. As
shown in Fig. 5B, under these conditions PIASy coimmunopre-
cipitated with both the WT and K137R GATA-1 proteins. We
conclude that PIASy binds to GATA-1 and specifically represses
its transcriptional activity through a mechanism not requiring
GATA-1 sumoylation.

Discussion
Sumoylation is a posttranslational modification that can modu-
late the activity of many nuclear proteins, although the molecular
basis of such effects are still poorly understood (23–25). In the
present work we demonstrate that GATA-1, a key transcriptional

regulator of erythroid and megakaryocytic differentiation, is
sumoylated both in vitro and in vivo. We found that a fraction of
endogenous GATA-1 is sumoylated in mouse erythroleukemia
cells under normal culture conditions, and it will be interesting
to analyze whether the proportion of sumoylated GATA-1
changes during erythtroid differentiation in vivo.

Proteins may have multiple sites for sumoylation, and occa-
sionally SUMO may be attached to lysines not conforming to the
canonical consensus (16, 36). However, when we mapped the site
of sumoylation in GATA-1 we found that lysine 137, perfectly
matching the consensus sequence, is the only residue involved.

In an attempt to increase the fraction of sumoylated GATA-1
for functional studies, we found that PIASy is a potent SUMO
ligase for GATA-1. PIASy is a member of the PIAS family of
RING finger nuclear proteins, which interact with activated
STATs and inhibit transcription of STAT-regulated genes after
IFN stimulation (18, 37). Different PIAS proteins inhibit dif-
ferent STATs via diverse mechanisms (38), in some cases
correlating with PIAS-mediated STAT sumoylation (17, 19). We
found that PIASy binds to GATA-1 and that this interaction is
not dependent on the presence of the sumoylatable lysine 137.
Finally, we found that PIASy is a powerful inhibitor of GATA-1
transcriptional activity. This inhibition is also observed with the
GATA-1 K137R mutant, so the molecular mechanism whereby
PIASy blocks GATA-1 activity does not involve GATA-1 sumoy-
lation. This result is not totally surprising because it was reported
for other proteins. For example, serum response factor, Lef1�
Tcf, and Smad3 are all sumoylated by PIASy, and their tran-
scriptional activity is inhibited by PIASy coexpression, but in
none of these cases does transcriptional repression require
sumoylation (20, 39, 40). In the case of Lef1�Tcf, interaction with
PIASy results in accumulation within subnuclear compartments
(20). In the case of Smad3, PIASy appears to recruit histone
deacetylases to Smad3�Smad4�PIASy complexes on the pro-
moters of type � transforming growth factor target genes (41).
We did not observe GATA-1 relocation to nuclear bodies upon
PIASy overexpression, and treatment with the histone deacety-
lase inhibitor trichostatin A did not relieve PIASy repression of
GATA-1 transcriptional activity in reporter assays (data not
shown), suggesting that the mechanism by which PIASy blocks
GATA-1 transcriptional activity might be different from that
proposed for Lef1�Tcf or Smad3.

Recently, it has been reported that PIASy enhances SUMO
conjugation to GATA-2, a member of the GATA family that is
expressed in primitive hematopoietic cells and is critical for
survival and growth of multipotential progenitors (42, 43).
GATA-2 is also present in adult endothelia, and overexpression
of PIASy inhibits GATA-2-dependent transcription in endothe-
lial cell lines. Even in the case of GATA-2, PIASy-mediated
repression does not appear to require sumoylation (43), suggest-
ing that PIASy’s inhibitory effect on both GATA proteins might
involve a common mechanism, which awaits investigation. PIASy
is detected in many tissues and cell lines (43, 44), so it is tempting
to hypothesize some functional interplay between PIASy and
GATA proteins in regulating the fate of hematopoietic cells.

In the present study we focused on GATA-1 intrinsic tran-
scriptional activity, performing transient overexpression exper-
iments in mammalian cell lines. We also assayed GATA-1
capacity to trigger globin expression in a simple hematopoietic
differentiation system by using explants from Xenopus embryos.
In our experiments, we never observed a significant difference
in the activity of the nonsumoylatable GATA-1 K137R mutant
with respect to the WT. Nonetheless, it is conceivable that
sumoylation might affect the biochemical activity of GATA-1,
perhaps impinging on fine regulatory mechanisms that cannot be
easily detected in transient overexpression experiments. One
possibility is that sumoylation modulates interaction of GATA-1
with one or more of its transcriptional partners (11). Although

Fig. 5. PIASy interacts with GATA-1 and specifically represses its transcrip-
tional activity. (A) PIASy does not inhibit a GATA-1-independent promoter.
Constructs expressing luciferase under control of human metallothionein
minimal promoter (hMT), human c-myc promoter, or the GATA-responsive
promoter was transfected in U2OS cells with or without T7-PIASy as described
in Fig. 4. Experiments with the GATA reporter also contained expression
vectors for the indicated GATA-1 proteins. Relative luciferase activity is ex-
pressed as percent of the activity of the promoters in the absence of PIASy.
Lower shows the expression levels of PIASy in one representative experiment.
(B) Interaction between PIASy and GATA-1. WT GATA-1 or the K137R mutant
was transfected in 293T cells together with T7-PIASy as indicated. After 36 h,
lysates were immunoprecipitated with a monoclonal antibody to GATA-1 and
immunoblotted with an antibody to the T7 epitope (Right). Expression of
GATA-1 and T7-PIASy was also analyzed in total lysates (Left). IgG heavy chains
are indicated by an asterisk.
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GATA-1 interaction with most cofactors appears to be through
the zinc fingers (9, 10), it is conceivable that SUMO attachment
to the N-terminal region might modulate such binding. Sumoy-
lation might in turn regulate the affinity of GATA-1 for different
promoters, resulting in activation or repression of selected target
genes.

Another possibility is that sumoylation modulates GATA-1
interaction with kinases responsible for its phosphorylation or
with enzymes involved in its acetylation. Finally, we should also
consider the possibility that under some conditions sumoylation
might affect the turnover of GATA-1, resulting in accumulation
or degradation of the protein.

In conclusion, our data support the notion that SUMO-1
attachment to GATA-1 provides a fine-tuning mechanism af-

fecting one or more of these regulatory interactions, rather than
a major switch triggering specific transcriptional responses.
Additional studies are required to understand the biological role
of this posttranslational modification of GATA-1, possibly em-
ploying more sensitive assays, within more complex experimen-
tal systems.
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