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Transcription factor GATA6 stably expressed in Chinese hamster ovary (CHO)-K1 cells is exported 
from the nucleus to the cytoplasm and degraded there by proteasome upon treatment with dibutylyl-
cyclic AMP (dbcAMP), which is a membrane-permeable cyclic AMP (cAMP) analogue. The 
cAMP-dependent proteolysis of GATA6 was characterized by dissection of the GATA6 protein 
into a zinc-finger domain (Zf) and the surrounding region (ΔZf). These segments were separately 
expressed in CHO-K1 cells stably, and followed by treatment with dbcAMP. The nuclear localized 
Zf was degraded by proteasome similarly to the full-length GATA6. Site-directed mutants of 
nuclear localizing signal (NLS) (345RKRKPK350 → AAAAPK and AAAAPA) and closely related 
GATA4 showed the same behavior. Although nuclear-localized ΔZf was degraded by proteasome, 
the cytoplasmic-located ΔZf was resistant to proteolysis in contrast to the NLS mutants. We also 
searched for a potential NLS and nuclear export signal (NES) with computational prediction programs 
and compared the results with ours. All these results suggest that the amino acid sequence(s) of the 
Zf of GATA6 is responsive to cAMP-dependent nuclear export and proteolysis.

1. Introduction

Transcription factor GATA6 is an essential gene product 
(1,2), and is required for the development of endoderm 
and mesoderm in early embryos, and differentiation of 
these germ layers into specific tissue cells and unique 
gene expression in those differentiated cells have been 
examined (3,4). Actually, it is well known that mutations 
of the GATA6 gene often cause congenital heart disease 
and pancreatic agenesis (4). Furthermore, it is claimed 
that GATA6 participates in tumorigenesis, although 
controversial findings as to the tumor suppressor function 
of GATA6 have been also reported (5). Thus, studies 
on the molecular properties of GATA6 are informative 
to understand the cause of the disease and to develop a 
strategy for its treatment.
 There are six GATA family DNA-binding proteins in 
mammals, which recognize the canonical (A/T)GATA(A/
G) motif (GATA-motif) in gene regulatory regions. Each 
member has a highly conserved zinc-finger domain (Zf) 
composed of tandem zinc-finger segments separated 
by 29 amino acid residues (CX2CX17CX2C)-X29-

(CX2CX17CX2C) and a following basic region, but the 
surrounding region (ΔZf) shows sequence divergency (6). 
The carboxy (C)-terminal zinc-finger segment (C-finger) 
binds to the GATA-motif whereas the amino (N)-terminal 
zinc-finger segment (N-finger) interacts with the adjacent 
GATA-motif or with protein cofactors (3,4). Since the 
basic region following the C-finger further functions 
as a nuclear localization signal (NLS) (3,4), GATA 
proteins translated in the cytoplasm are immediately 
transported into the nucleus in both the native state and 
as exogenously expressed (7-10).
 We have found that stably but not transiently 
expressed GATA6 is exported from the nucleus to the 
cytoplasm upon activation by cyclic AMP (cAMP)-
dependent protein kinase (PKA) (11). Following the 
nuclear export mediated by Chromosome Region 
Maintenance 1 [CRM1, also known as Exportin-1 
(XPO1)] (12), GATA6 is further degraded by proteasome 
(11,12). Although GATA6 remained stably in the nucleus 
in the presence of a proteasome inhibitor, proteasomal 
degradation of GATA6 is suggested to occur in the 
cytoplasm: activation of PKA stimulated degradation of 
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GATA6 when it was tethered on the cytoplasmic side 
of the endoplasmic reticulum membrane through the 
membrane anchoring domain of the sterol regulatory 
element-binding protein (SREBP) 2 (13). Furthermore, 
nuclear export and cytoplasmic degradation of GATA6 
can be discriminated when stimulated on activation by 
cJun N-terminal kinase (JNK) since GATA6 is rapidly 
exported from the nucleus and then slowly degraded in 
the cytoplasm (12).
 In this study, we focused on the Zf and ΔZf of 
GATA6 separately, and characterized their degradation 
induced by dibutylyl-cyclic AMP (dbcAMP). Unveiling 
of the mechanism of sequestration of GATA6 from the 
nucleus could be helpful for manipulating the cellular 
localization of transcription factors from the viewpoint of 
therapeutics for diseases.

2. Materials and Methods

2.1. Construction of expression plasmids for human 
GATA6 (hGATA6) derivatives

The expression plasmid for the hGATA6 Zf (hZf) 
(Glu240-Thr357) (14) was constructed by the procedure 
shown in Figure S1 (http://www.ddtjournal.com/action/
getSupplementalData.php?ID=133). From this plasmid, 
named pME-HA/FLAG-hZf, hZf was expressed as a 
fusion protein with amino-terminal human influenza 
hemagglutinin (HA) and FLAG tags.
 To delete the Zf between S239 and T357 of S-type 
hGATA6 (14), DpnI-mediated site-directed mutagenesis 
(15) was carried out: the mutant DNA was amplified 
by means of polymerase chain reaction (PCR) with 
primer pair dZfa/dZfs, PrimeSTAR HS DNA polymerase 
(TaKaRa, Kusatsu, Shiga, Japan), and pME-hGT1SMyc 
(16) as a template under the following conditions: 94oC 
2 min, followed by 30 cycles of denaturation (94oC, 
10 sec), annealing (68oC, 6 min), and extension (68oC, 
6 min), and then post-incubation (72oC, 5 min). The 
reaction mixture was treated with DpnI to degrade 
methylated parental DNA, and then transformed 
into Escherichia coli Top10F' (Invitrogen, Carlsbad, 
CA, USA). The resulting plasmid was named pME-
hGT1S(ΔZf)Myc.
 To construct an expression plasmid for NLS mutant 1 
with Myc-tag (NLSmut1-Myc) [pME-hGT1S(NLSmut1)
Myc], the plasmid template pME-hGT1SMyc was 
subjected to PCR with primer pair TYmut1s/TYmut1a 
and Pyrobest DNA polymerase (TaKaRa) [95oC 5 
min, followed by 20 cycles of denaturation (94oC, 15 
sec), annealing (55oC, 30 sec), and extension (72oC, 5 
min)]. The product was digested with DpnI and then 
introduced into Eschericha coli Top10F'. The ~400 base 
pair (bp) EcoRI-SpeI fragment with base-substitutions 
was inserted into the corresponding part of pME-
hGT1SMyc. The expression plasmid for NLSmut2-Myc 
[pME-hGT1S(NLSmut2)Myc] was similarly constructed 

with primer pair TYmut2s/TYmut2a using pME-
hGT1S(NLSmut1)Myc as a template.
 DNA fragments were size-separated by agarose gel-
electrophoresis [1%~2% (w/v)], and visualized with 
ethidium bromide. The sequence of the cloned DNA 
was determined by the dideoxy chain-termination 
method with sequence primers for the pME18S vector 
(16) and a BigDyeTM terminator v3.1 Cycle Sequencing 
Kit (Applied Biosystems, Waltham, MA, USA), using 
an ABI PRISMTM 310 Genetic Analyzer (Applied 
Biosystems). The molecular biological methods for 
DNA manipulations were based on standard procedures 
as described in our previous study (17). The primers 
for PCR and sequencing are listed in Table S1 (http://
www.ddtjournal.com/action/getSupplementalData.
php?ID=133).

2.2. Cell culture and transfection of expression plasmids

Each plasmid construct was introduced into Cos-1 
cells (ATCC, Manassas, VA, USA) by means of the 
diethylaminoethyl (DEAE)-dextran method (17) to 
verify expression of the recombinant protein. Cells 
were grown for two days in Dulbecco's modified 
Eagle medium (DMEM) (GIBCO BRL, Gaithersburg, 
MD, USA) supplemented with 7% fetal bovine serum 
(FBS) (GIBCO BRL) and antibiotics [100 units/mL 
benzylpenicillin (Wako, Osaka-city, Osaka, Japan), 100 
μg/mL streptomycin sulfate (Wako), and 2.5 μg/mL 
fungison (GIBCO BRL)], and the transiently expressed 
proteins were detected immunologically as described in 
2.3.
 Chinese hamster ovary (CHO)-K1 cells (11) 
were grown in Ham's F12 medium (GIBCO BRL) 
supplemented with FBS and antibiotics as above. 
Each expression plasmid for GATA6 derivatives was 
introduced into CHO-K1 cells by means of the calcium-
phosphate method (17) together with phyg (17) in the 
ratio of 15:1 (w/w). Resistant colonies were selected 
in the presence of 200 μg/mL hygromycin (Wako). 
As for pME-HA/FLAG-hZf, pDsRed2-N1 (Clontech, 
Mountain View, CA, USA) was added in place of phyg 
and the transformants were selected in the presence of 
100 μg/mL G418 (Sigma, St. Louis, MO, USA), the red 
fluorescence of Discosoma-derived protein DsRed being 
detected under a microscope (Olympus IX70, Olympus 
Corporation, Shinjuku-ku, Tokyo, Japan).

2.3. Detection of GATA proteins

Cells (1 × 106 cells in Φ10 cm dish) were cultured for 24 
h, and then further incubated for 24 h in the presence or 
absence of 2 mM dbcAMP (Sigma). Proteasome inhibitor 
benzyloxycarbonyl-L-leucyl-L-leucyl-L-norvalinal 
(MG115) (Peptide Institute Inc., Ibaraki, Osaka, Japan) 
(10 μM) was also added at 12 h before harvest. The 
postnuclear supernatant (cytoplasm) and nuclear protein 
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sensitive or not, the deleted protein being named rat 
GATA6Δ(1-50, 72-131) {[rGATA6Δ(1-50, 72-131)] and 
rΔ(1-50, 72-131) in Figure 1]}. This protein containing 
the Zf [Glu234-Ala351, residue numbers of rGATA6] is 
localized in the nucleus and degraded by proteasome 
in the presence of dbcAMP when stably expressed in 
CHO-K1 cells (Figure S2, http://www.ddtjournal.com/
action/getSupplementalData.php?ID=133), suggesting 
that the response to dbcAMP is not attributable to the 
deleted segments.
 Since earlier studies on other GATA proteins 
suggested that the Zf is responsible for their nuclear 
localization and DNA binding (3,4), we compared the 
Zf and ΔZf sequences of hGATA6 as to the response to 
dbcAMP. These protein constructs (HA/FLAG-hZf, and 
hΔZf-Myc, respectively) are schematically shown in 
Figure 1 together with our previous ones (11,18).

3.2. Response of the Zf of hGATA6 to dbcAMP

The Zf of hGATA6 (Glu240-Thr357) (14) was stably 
expressed in CHO-K1 cells as a fusion protein with an 
N-terminal HA/FLAG-tag (Figure 1 and Figure S1, 
http://www.ddtjournal.com/action/getSupplementalData.
php?ID=133). As shown in Figure 2, HA/FLAG-hZf 
was localized in the nucleus of two isolated clones (Zf8 
and Zf20), suggesting that the nuclear localization signal 
is present in the Zf. The amount of nuclear HA/FLAG-

extract (nucleus) were prepared by the published method 
(18). Protein concentrations were determined with a 
Bio-Rad Protein Assay Kit (Hercules, CA, USA) (19) 
using bovine serum albumin (Fraction V) (Sigma) as a 
standard.
 A protein sample (10 μg) was subjected to 
sodium dodecyl sulfate (SDS)-polyacrylamide gel-
electrophoresis and Western blotting (17); the proteins 
were electro-blotted onto a Hybond-P Polyvinylidene 
Difluoride (PVDF) membrane (GE Healthcare, Chicago, 
IL, USA). The concentration of the separation gel was 
7.5% (w/v) for Myc-tagged proteins, 15% (w/v) for hZf, 
and 10% (w/v) for others. Procedures for membrane 
blocking and washing were essentially the same as 
described previously (13,17).
 The Myc-tagged human proteins and hZf were 
detected with peroxidase-linked mouse monoclonal 
antibodies; anti-c-Myc (MC045, Nacalai Tesque, Kyoto, 
Japan) (× 4,000 diluted) and ANTI-FLAG M2® (Sigma) 
(× 1,500 diluted), respectively. hGATA6 ΔZf (hΔZf)-Myc 
was further detected with rabbit site-specific polyclonal 
antibodies recognizing hGATA6 (Leu59-Gln217) (18) (× 
1,000 diluted) as the first antibodies, second antibodies 
being horseradish peroxidase-linked donkey anti-
rabbit immunoglobulin (Ig) (Amersham-Pharmacia 
Biotech, Burlington, MA, USA) (× 4,000 diluted). 
Chemiluminescence was detected with an ECL Western 
blotting kit (GE Healthcare) using Scientific Imaging 
film (KODAK, Rochester, NY, USA).

2.4. Chemicals

Restriction enzymes were obtained from New England 
Biolabs (Ipswich, MA, USA), Toyobo (Osaka-city, 
Osaka, Japan), and TaKaRa. The Klenow enzyme, 
T4 DNA ligase (Ligation Kit Ver.2.1) and Agarose-
LE Classic Type were provided by TaKaRa. A 
GENECLEAN III Kit was obtained from BIO101 (La 
Jolla, CA, USA). Oligonucleotides were purchased from 
Gene Design Inc. (Ibaraki, Osaka, Japan). All other 
chemicals used were of the highest grade commercially 
available.

3. Results

3.1. Effect of amino terminal deletion of GATA6 on the 
response to dbcAMP

Our previous studies demonstrated that not only full-
length S-type hGATA6 (18) but also rat GATA6Δ50 
(rGATA6Δ50) with deletion of the amino-terminal 50 
residues (11) (hS-type and rΔ50, respectively, in Figure 
1) were degraded by proteasome when CHO-K1 cells 
stably expressing either of these proteins were treated 
with dbcAMP. We first evaluated further deletion of 
the amino terminal region between residues 72 and 131 
of rat GATA6 (rGATA6) as to whether it is dbcAMP-

Figure 1. Schematic representation of GATA6 derivatives. The 
various GATA6 proteins expressed from plasmid constructs are 
schematically shown together with their names (left column). The 
sequences for rΔ50 (11) and rΔ(1-50, 72-131) (Figure S2) are of 
rat GATA6 origin, and those of the others human as indicated by 
adding a prefix "h". The expression plasmids for hS-type, hS290A 
and hΔPEST were described previously (18). The amino acid residue 
numbers of human and rat GATA6 are 449 and 441 (indicated above 
the boxes), respectively, based on the structure of S-type GATA6 
(14). "ZN" and "ZC" indicating (CX2C)X17(CX2C) are the N-finger 
and C-finger, respectively, separated by 29 amino acid residues in 
the Zf. The positions of epitope tags (HA/FLAG-tag and Myc-tag), 
and potential NLS and peptide that is rich in proline, glutamic acid, 
serine and threonine (PEST) sequences (18) are shown schematically. 
The amino acid substitution (Ser to Ala) at position 290 (18) is also 
indicated in hS290A in bold.
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hZf decreased when stable cells (both Zf8 and Zf20) were 
cultured in the presence of dbcAMP, and this behavior 
was abolished in the presence of proteasome inhibitor 
MG115 (Figures 2A and 2B), indicating that the decrease 
of HA/FLAG-hZf in the cells is due to degradation by 
proteasome. The inhibition of its degradation would 
re-localize HA/FLAG-hZf into the nucleus due to the 
presence of NLS that functions dominantly. It was also 
confirmed that HA/FLAG-hZf was exclusively localized 
in the nucleus, i.e., not found in the cytoplasm, of clone 
Zf20 (Figure 2C, right).

3.3. Response of the ΔZf of hGATA6 without the Zf to 
dbcAMP

To compare the results for HA/FLAG-hZf, we stably 
expressed hΔZf-Myc without the Zf. The hΔZf-Myc was 
localized in both the nucleus and cytoplasm in all four 
clones isolated (Figure S3A, http://www.ddtjournal.com/
action/getSupplementalData.php?ID=133). Interestingly, 
nuclear hΔZf-Myc decreased in the presence of dbcAMP 
although that in the cytoplasm did not (Figure S3B, 
http://www.ddtjournal.com/action/getSupplementalData.
php?ID=133). The behavior of one clone (ΔZf1-1) was 
examined further in detail, as shown in Figure 3: the 
corresponding bands to hΔZf-Myc have both N- and 
C-terminal regions since not only the C-terminal Myc-
tag (Figure 3A) but also antibodies recognizing upstream 
Leu59-Gln217 were reactive (Figure 3B). The decrease in 
the nuclear hΔZf-Myc was inhibited by the addition of 
MG115, indicating that it was degraded by proteasome.
 An unexpected observation was that the cytoplasmic 
hΔZf-Myc was resistant to proteasome. A possible 
explanation is that association with other proteins (20,21) 
or the conformational state of an unusual artificial hΔZf-
Myc, which may induce aggregation (22,23), could 
prevent most of the cytoplasmic hΔZf-Myc from gaining 
access to proteasome. Macromolecules smaller than ~40 
kDa can passively diffuse through nuclear pores (24), 
and the molecular weight of hΔZf-Myc was calculated to 
be 32 k [GENETYX-MAC GENETIC INFORMATION 
PROCESSING SOFTWARE (GENETYX Corporation, 
Shibuya-ku, Tokyo, Japan)]. Thus, the monomeric hΔZf-
Myc would freely enter the nucleus. Although some 
proteasome was found in the nucleus (25), we did not 
examine further whether the hΔZf-Myc is degraded in 
the nucleus or cytoplasm since expression of a fusion of 
hΔZf-Myc with the membrane domain of SREBP2 to fix 
hΔZf-Myc on the cytoplasmic side of the endoplasmic 
reticulum membrane (13) has not been successful.

3.4. Effect of substitution of the cluster of basic residues 
following the C-finger of hGATA6

We further examined whether the potential NLS of 
GATA6 affects the cAMP-dependent nuclear exit and 
proteolysis of GATA6. We substituted the Arg and Lys 

Figure 2. Behavior of HA/FLAG-hZf stably expressed in 
CHO-K1 cells in the presence of dbcAMP. The expression plasmid 
for HA/FLAG-hZf (Figure S1) was stably introduced into CHO-K1 
cells. Among 21 G418-resistant colonies, two clones (Zf8 and Zf20) 
were HA/FLAG-hZf protein-positive. Cells were cultured for 24 
hr in the presence (+) or absence (–) of dbcAMP and proteasome 
inhibitor MG115. The HA/FLAG-hZf protein in the nucleus was 
analyzed by means of Western blotting after SDS-polyacrylamide 
gel-electrophoresis as described under Materials and Methods (A and 
B). The HA/FLAG-hZf protein in the nucleus (n) (Zf8 and Zf20) and 
cytoplasm (c) (Zf20) was analyzed in (C). Fractions prepared from 
CHO-K1 cells (K) were used as negative controls. The values on the 
left side are molecular weights (× 10-3). Arrows at the right indicate 
the position of HA/FLAG-hZf.

Figure 3. Behavior of hΔZf-Myc stably expressed in CHO-K1 
cells in the presence of dbcAMP. A stable clone (ΔZf1-1, see 
Figure S3) that expresses hΔZf-Myc was cultured in the presence 
(+) or absence (–) of dbcAMP and MG115. The hΔZf-Myc in the 
nucleus (n) and cytoplasm (c) was detected by Western blotting after 
SDS-polyacrylamide gel-electrophoresis. Fractions prepared from 
CHO-K1 cells (K) were used as negative controls. The values on the 
left side are molecular weights (x 10-3). Arrows on the right indicate 
the position of hΔZf-Myc. (A) Peroxidase-linked mouse monoclonal 
anti-c-Myc was used. (B) Rabbit site-specific polyclonal antibodies 
recognizing hGATA6 (Leu59-Gln217) as the first antibodies, and 
horseradish peroxidase-linked donkey anti-rabbit Ig as the second 
antibodies were used.
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residues, which are clustered downstream of the C-finger 
(3). This cluster is also predicted to be a NLS by all 
the prediction programs available (Table S2 [A], http://
www.ddtjournal.com/action/getSupplementalData.
php?ID=133). In the two mutants, NLSmut1-Myc 
and NLSmut2-Myc, the sequence 345RKRKPK350 is 
345AAAAPK350 and 345AAAAPA350, respectively (Figure 
4A). When these mutant proteins were stably expressed 
in CHO-K1 cells, they were distributed in both the 
nucleus and cytoplasm. Furthermore, both nuclear and 
cytoplasmic NLS-mutant proteins were degraded by 
proteasome in the presence of dbcAMP since MG115 
inhibited their decrease (Figure 4B and 4C), in contrast 
to hΔZf-Myc.
 All these results suggest that the four consecutive 
basic residues function as the NLS, although nuclear 
import of the mutant proteins was not inhibited 
completely. Such behavior could be ascribed to the 
following possibilities: (i) another NLS also participates 
in the nuclear import of GATA6, and/or (ii) a nuclear 
export signal (NES) without the RKRKPK sequence is 
unveiled, although such NLS and NES would have weak 
activity. In chicken GATA1, the RNRKVS sequence 
present at an identical position to GATA6 (Figure 5) is 
required for specific DNA-binding of GATA1 to the 
GATA-motif (26), suggesting that the present NLS 
mutants would have low affinity as to the GATA-motif 
and thus would be easily excreted from the nucleus in the 
absence of dbcAMP.
 The results in Figure 2 and Figure 4 suggested that 
the Zf is important for dbcAMP-dependent degradation 
of GATA6. Consistent with this notion, we further 
demonstrated that nuclear GATA4, which has a highly 
conserved Zf [88% and 97% of the residues are identical 
and conservative, respectively, between rat GATA4 
(rGATA4) and rGATA6 (Figure 5) (6)], similarly 
disappeared in the presence of dbcAMP (Figure S4, 
http://www.ddtjournal.com/action/getSupplementalData.
php?ID=133).

4. Discussion

We have shown in this and our previous studies (11-
13,18) that nuclear-localized GATA6 is exported into 
the cytoplasm upon dbcAMP-treatment. A GATA factor 
(GtaC) of Dictyostelium discoideum moves from the 
nucleus to the cytoplasm in response to cAMP since its 
NLS is neutralized upon input of the cAMP signal (27). 
Although the exported GtaC re-enters the nucleus, the 
GATA6 is degraded in the cytoplasm (13). However, 
conservation of the phenomena that both GATA proteins 
are exported from the nucleus to the cytoplasm in 
response to the cAMP signal is interesting, although they 
are evolutionally distant.
 S ince  nuc l ea r  expor t  o f  GATA6 depends 
on CRM1 (12) ,  the leucin-rich NES (28)  may 
participate in the process. The three Leu residues in 

the sequence 47SVLGLSYLQG56 of mouse GATA4 
(mGATA4) are crucial for its nuclear export (29). 
However, the corresponding sequence of hGATA6 
(50SMLPGLPYHLQG61) (14) is located outside of the 
Zf. When we searched for candidate NES sequences 
in the Zf (Table S2, http://www.ddtjournal.com/action/
getSupplementalData.php?ID=133), the sequence 
between Asn312 and Met337 including part of the C-finger 
was predicted with all three tools used. Thus, this region 
could be the next target of mutagenesis study as to 
whether it participates in the dbcAMP-dependent nuclear 
export of GATA6.
 The low steady-state level of tumor suppressor 
p53 under normal conditions is maintained through 
nuclear export, which results in its cytoplasmic 
degradation by proteasome. However, its CRM1-
dependent export is complex: the mouse double minute 
2 (MDM2) protein associates with p53 and the NES of 

Figure 4. Effects of substitution of basic residues in the NLS. 
S-type hGATA6 (449 residues) is schematically shown in (A). 
The C-terminal Myc-tag is omitted in the figure. The N-finger and 
C-finger are indicated by ZN and ZC, respectively. Amino acid residue 
numbers are shown above the box. Basic residues (Arg and Lys) in 
the potential NLS of GATA6 were substituted with Ala residues in 
the two mutant proteins (NLSmut1 and NLSmut2), as underlined. 
Expression plasmids for two mutants [pME-hGT1S(NLSmut1)Myc 
and pME-hGT1S(NLSmut2)Myc] were constructed as described 
under Materials and Methods. They were introduced into CHO-K1 
cells and hygromycin-resistant colonies (15 and 4, respectively) were 
isolated. Among them, four and one clones expressed mutant GATA6. 
Clones (one of the positive clones for each mutant) were cultured 
in the presence (+) or absence (–) of dbcAMP and MG115. The 
NLSmut1-Myc and NLSmut2-Myc in the nucleus (n) and cytoplasm 
(c) were detected by Western blotting after SDS-polyacrylamide gel-
electrophoresis [(B) and (C), respectively]. Fractions prepared from 
CHO-K1 cells (K) were used as negative controls. The values on the 
left side are molecular weights (× 10-3). Arrows on the right indicate 
the positions of NLSmut1-Myc and NLSmut2-Myc, respectively.
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MDM2 is utilized for the nuclear export of p53 (30), 
while the intrinsic p53 NES seems to be sufficient 
for its export (31). Furthermore, the Jun activation-
domain binding protein 1 (Jab1), as a component of 
Constitutive photomorphogenesis 9 (COP9) signalosome 
(CSN), stimulates CSN-associated kinase, resulting 
in phosphorylation of p53 and its nuclear export (32). 
Although curcumin inhibits CSN-associated kinase and 
the nuclear export of p53, this inhibitor did not affect the 
nuclear export of GATA6 (not shown).
 The A-kinase and ubiquitin participates in dbcAMP-
induced nuclear export and degradation of GATA6 
(11,18). Since GATA6 is not phosphorylated or 
ubiquitinqted during the process, it seems likely that 
the escort protein, which has a NES and is subjected 
to phosphorylation and ubiquitination, facilitates the 
nuclear export and degradation of GATA6. A p27 protein 
designated the cyclin-dependent kinase inhibitory 
protein-1 (p27Kip1), which has no apparent NES, is 

exported from the nucleus to the cytoplasm through 
binding to Jab1, whose NES binds to CRM1, and then 
the exported p27Kip1 is subjected to ubiquitin-dependent 
degradation by cytoplasmic proteasome. However, the 
Jab1 binding motif (-DX21LX9N-) identified in p27Kip1 
(33) could not be found in GATA6. Analysis of the 
altered genes of the mutants where GATA6 could not be 
exported in the presence of dbcAMP or stably located 
in the nucleus even in the presence of dbcAMP (34) 
might be helpful for identifying such escort proteins and 
provide their clues.
 GATA6 as well as other GATA family members are 
localized in the nucleus after translation in the cytoplasm 
due to the presence of dominant NLS (3,4). The present 
results suggest that the classical monopartite 345RKRK348 
sequence (24,28) in hGATA6 contributes significantly as 
an NLS. Our NLS mutants and hΔZf-Myc are distributed 
in both the nucleus and cytoplasm, which could be 
explained by that the weak NES or NLS in these mutant 

Figure 5. Sequence comparison of the Zfs of mammalian GATA proteins. Parts of the amino acid sequences of mammalian GATA proteins 
(h, human; r, rat; m, mouse) are aligned and shown as single letters. The Zf is indicated by a square bracket, and zinc-finger segments (CX2C)
X17(CX2C) areindicated by ZN (N-finger) and ZC (C-finger) above, respectively. The accession numbers of the National Center for Biotechnology 
Information (NCBI) reference sequences are NM_005257 (hGATA6) (14), NM_019185 (rGATA6) (14), NM_080473 (hGATA5), NM_001308093 
(hGATA4), NM_144730 (rGATA4) (6), NM_008092 (mGATA4), NM_002049 (hGATA1), NM_008089 (mGATA1), NM_001145661 (hGATA2), 
and NM_001002295 (hGATA3). Conserved basic residues (R and K) suggested to be NLS of hGATA3 (35) are indicated by blue letters, those 
of GATA4 (29) and GATA6 (present study) by red letters, and other conserved residues (including partially) by green letters. In mGATA4, which 
is more closely related to GATA6 compared to GATA1, 2, and 3, clusters I and III (indicated in red) are simultaneously required for nuclear 
localization of the full-length mGATA4, and R282, R283, R317 and R319 are crucial in the clusters (29). Furthermore, the minimum sequence imported 
into the nucleus is fragment C270-L324 (underlined in grey color), although fragment C216-C294 (underlined with arrowheads) and the G199-G302 
deletion (dotted underlined with arrowheads) were not imported (9,29), which is consistent with the importance of both clusters I and III (red). 
In mGATA1, the construct without either the N-finger (A197-H232) or C-finger (Q256-Y285), or deletion of K308-S413 or 312KGKKK316, and fragment 
L230-V336 or V250-G318 (underlined in grey and overlapped portions in bold black) were imported into the nucleus, suggesting that the 243RPKKR247 
and 312KGKKK316 sequences may independently direct this nuclear localization (7,39). In hGATA2, fragment P335-C413 (underlined in grey) was 
transported into the nucleus (7). In contrast to these GATA proteins, combined mutations of basic residues in all four clusters (I - IV indicated 
by blue) disrupt nuclear localization of full-length hGATA3 (35), although the N-finger plus its N-terminal and C-terminal flanking sequences 
(C249-A311) is enough for localization in the nucleus (8,35). However, a truncation mutation (A311→Stop) without the C-terminal sequence from 
cluster IV disrupts nuclear localization, suggesting that its C-terminal sequence from A311 might also affect the nuclear import mechanism (35). 
Furthermore, essential residues identified in mGATA4 (R282, R283, R317 and R319) (29) could not function as the NLS in hGATA3 (R330, R331, R365 
and R367 located at conserved positions) (35).
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sequences would function. Although mutant proteins 
were distributed in both fractions in similar experiments 
to identify the NLS (29,35), it must be further mentioned 
that the amounts of cytoplasmic protein are more than 
twice higher than that in the nucleus (36), indicating 
that the mutant proteins are mainly distributed in the 
cytoplasm.
 To explain the nuclear localization of our mutant 
proteins, we examined whether there are further 
putative classical NLS motifs in the S-type hGATA6 
sequence or not (Table S2, http://www.ddtjournal.com/
action/getSupplementalData.php?ID=133). However, 
only sequences containing 345RKRK348 are predicted. 
Furthermore, visual examination did not reveal a classical 
bipartite NLS (37) or non-classical PY-NLS (38). One 
predicted sequence between Pro332 and Ser362 containing 
several basic residues together with 345RKRK348 (Table S2, 
http://www.ddtjournal.com/action/getSupplementalData.
php?ID=133) may be considered in the future study as to 
whether it is a more active NLS or not.
 For nuclear import of mGATA4, two clusters of basic 
residues (282RR283 and 317RKRKPK322) are simultaneously 
required for nuclear localization of full-length mGATA4 
(Figure 5) (29). However, our study demonstrated that 
only 345RKRK348 is enough as the NLS of full-length 
hGATA6. We also demonstrated that the mutant carrying 
the 310AA311 and 345AAAAPA350 sequences showed 
essentially the same behavior as that of NLSmut1 and 
NLSmut2 (not shown). As for the NLSs of GATA family 
proteins, the basic region following each C-finger is 
proposed to carry the signal (3,4). However, various 
reports are not consistent (see legend to Figure 5), 
although it has been demonstrated that the highly 
conserved Zfs of GATA proteins (Figure 5) participate 
in their nuclear import (7-9,29,35,39). Such differences 
could be ascribed to that (i) subtle amino-acid variations 
in the Zf and/or the unique sequences outside of the 
Zf affect the mode of interaction with importins, (ii) 
transformed cells are used, which frequently express 
virus antigen (7,8,35,39), as it was demonstrated that 
simian virus 40 (SV40) large T-antigen having a strong 
NLS escorts other proteins into the nucleus (40), and/
or (iii) most of the experiments were carried out with 
a transient expression system (7-9,29,35,39), in which 
excess amounts of import substrates are produced in a 
short time, which often induces an abnormal cellular 
response (41,42).
 It is well known that proteolytic degradation 
of  GATA proteins  par t ic ipates  in  normal  and 
abnormal cell differentiation: the expression levels 
of GATA2 and GATA3 are regulated via ubiquitin-
dependent degradation upon hematopoietic and 
T-cell differentiation, and their phosphorylation by 
cyclin-dependent kinase 1 and 2 (CDK1 and CDK2), 
respectively, is required for recognition by S-phase 
kinase-associated protein 1 (Skp), Cullin, and F-box 
(SCF)-type E3 ubiquitin ligase (43,44), although 

intracellular degradation-sites of GATA2 and GATA3 
have not been determined. Furthermore, GATA1 bacame 
susceptible to caspase3 upon sequestration of heat 
shock protein 70 (HSP70), resulting in differentiation 
impairment of erythropoiesis (45). However, extracellular 
signal-regulated kinase (ERK) [mitogen-activated protein 
kinase (MAPK)] rather stabilizes GATA1 and GATA3 
(44,46).
 In contrast, the responses of GATA6 and GATA4 
to dbcAMP are evoked by A-kinase (11). JNK further 
participates between proteasomal degradation of 
GATA6 and activation of A-kinase by dbcAMP (12). 
Since JNK is known as a stress kinase (47), prolonged 
incubation with dbcAMP and/or successive A-kinase 
activation would induce a stress response as a feed-back 
mechanism. Elucidation of such a cellular pathway will 
provide a hint to cure cancers of the gastrointestinal tract 
and hypertrophic cardiomyopathy, in which increased 
expression of GATA6 and GATA4, respectively, is likely 
to be causative of these diseases (5,48,49). Development 
of specific peptides inhibiting or accelerating the 
binding of GATA6 and GATA4 through their NLS 
or NES to importin families (47) could be useful for 
depleting nuclear GATA proteins. Another approach to 
their cellular depletion would be the finding of small-
molecular protein degraders (50) that glue target GATA6 
and GATA4 to E3 ubiquitin ligases.
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