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Human GATA-6 mRNA utilizes two Met-codons in frame as translational initiation
codons in cultured mammalian cells. An internal ribosome entry site (IRES) is not
present in front of the coding region for short-type GATA-6. The 5′-upstream sequence
with a short upstream open reading frame (uORF) did not affect the production of
either long- or short-type GATA-6. Introduction of a canonical Kozak sequence
around the upstream Met-codon resulted in predominant synthesis of long-type
GATA-6, suggesting that the translation of short-type GATA-6 could be due to leaky
scanning of the Met-codon by ribosomes. We found that at least the sequence compris-
ing the 90th to 139th nucleotide bases from the first letter of the upstream Met-codon
plays a positive role in the expression of long-type GATA-6. This was confirmed by
insertion of the corresponding sequence in frame at the site of deletion (the 38th to
304th nucleotide residues). However, insertion of the sequence comprising the 92nd
to 141st bases did not suppress the negative effect of the deletion. These results sug-
gest that the translation of this region (Glu-31–Cys-46) could be critical for the appar-
ent production of long-type GATA-6. We also demonstrated that long-type GATA-6 is
potentially more active than the short-type.

Key words: DNA binding protein, GATA-6, GATA factor, Kozak sequence, protein syn-
thesis, translation.

Abbreviations: bp, base pairs; BSA, bovine serum albumin; CHO, Chinese hamster ovary; DEAE, diethylaminoe-
thyl; DMEM, Dulbecco’s modified Eagle medium; DTT, dithiothreitol; DMSO, dimethyl sulfoxide; EDTA, ethylen-
ediamine-tetraacetic acid; FBS, fetal bovine serum; HEPES, 4-(2-hydroxyethyl)-1-piperazineethane-sulfonic acid;
IF, intrinsic factor; IRES, internal ribosome entry site; PBS, phosphate-buffered saline [10 mM sodium phosphate
buffer (pH 7.2), 137 mM NaCl, 3 mM KCl]; PBS-T, PBS containing 0.1% (v/v) Tween 20; PCR, polymerase chain
reaction; PMSF, phenylmethanesulfonyl fluoride; RACE, rapid amplification of cDNA ends; SDS, sodium dodecyl
sulfate; TAE, Tris-acetate [40 mM Tris-acetate, 1 mM EDTA (pH 8.0)]; TBS, Tris-buffered saline [140 mM NaCl, 3
mM KCl , 1 mM CaCl2, 0.5 mM MgCl2, 0.9 mM Na2HPO4, 25 mM Tris-HCl ( pH 7.4 )]; Tris, Tris (hydroxyl)ami-
nomethane; uORF, upstream open reading frame.

Transcription factor GATA (1, 2) with conserved tandem
zinc fingers, (CVNC-X17-CNAC)-X29-(CXNC-X17-CNAC) (3,
4), binds to a canonical DNA motif (G/A)GATA(A/T) (5–
8), and regulates the expression of various genes
required for developmental processes and tissue-specific
functions (1–3). Mammalian GATA factors are classified
into two groups; GATA-1/-2/-3 (1) function in haematopoi-
etic cells, whereas GATA-4/-5/-6 (2) function in meso-
derm- and endoderm-derived organs such as the heart
and gastrointestinal tract, respectively. It is believed that
GATA factors other than GATA-5 are essential for mam-
malian development and mutually indispensable, since
disruption of these genes caused embryonic lethality in
mouse (9–16).

GATA-6 was cloned from a rat stomach cDNA library
together with GATA-4, the clones being as GATA-GT1
and GATA-GT2, respectively (17), and then from mouse
(18) and man (19–21). Human GATA-6 was expressed in
fetal heart, gastrointestinal tract and lungs, and in adult

intestine (19, 20). Mouse GATA-6 was expressed in the
arterial system, lungs and urogenital tract (18). GATA-6
transcripts were detected in human and rat vascular
myocytes (19), and rat gastric corpus mucosal cells (22).
Consistent with the tissue distribution of its mRNA,
GATA-6 transactivated the promoter-enhancers of genes
in heterologous cells, such as those of cardiac troponin C,
atrial natriuretic factor, B-type natriuretic peptide, sur-
factant proteins A and C, thyroid transcription factor 1,
WNT7b, lactase-phrolizin hydrolase, H+/K+-ATPase, tre-
foil peptides, Dab2 and smooth muscle-myosin heavy
chain (18, 23–32).

Co-expression of GATA-6 and GATA-4 in the heart
suggests their functionally redundant roles in this organ,
and the two GATA factors mutually interact and syner-
gistically activate cardiac-specific genes (23). Gene dis-
ruption experiments further demonstrated cross-talk
between GATA-6 and GATA-4 gene expression (15). How-
ever, GATA-6 showed distinct properties; the promoter of
the Dab2 gene was activated by GATA-6, but not by
GATA-4 (31), and GATA-6 and GATA-4 are distributed
differently in the gonads (33). The development of lung
buds and gene expression in the lung epithelial cells
seem to be exclusively regulated by GATA-6 (15, 24–27).
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It is now recognized that GATA-6 is an important regula-
tor of cell cycle progression, as was shown by a transient
decrease in GATA-6 transcripts in vascular myocytes
upon growth response (19), and by the inhibition of S-
phase entry through induction of the Cdk inhibitor p21
(34).

Although its functional significance has become appar-
ent, little is known about the in vivo translational prod-
uct of GATA-6 mRNA, possibly due to the limitation of
protein detection (16). The primary structure of GATA-6
was initially thought to be similar in length to those of
other GATA factors (3, 21) from the sequence similarity
with those of GATA-4 and GATA-5. However, the subse-
quently cloned cDNA has an additional Met-codon in
frame in its 5′-upstream region (20). The in vitro reticulo-
cyte translation system revealed that both Met-codons
are used as initiator codons, resulting in the synthesis of
long-type and short-type GATA-6 proteins, respectively
(35). Thus, it would be interesting to determine the pro-
tein size of GATA-6 and to study its behavior at the cellu-
lar level.

In this study, we addressed how these two initiator
codons are selected in cells. Analysis of GATA-6 tran-
siently expressed from cDNA suggested that the down-
stream codon is used as a result of leaky ribosome scan-
ning. Furthermore, the protein sequence between the two
Met codons affected the production of long-type GATA-6.
Considering the importance of this transcription factor in
the processes of embryogenesis and specific gene expres-
sion, the intrinsic properties of GATA-6 should shed light
on the novel regulatory mechanism underlying GATA-6
function(s).

MATERIALS AND METHODS

Transfection for Analysis of GATA-6 Protein—Cos-1
cells (ATCC) were grown in DMEM (GIBCO) supple-
mented with 7% (v/v) FBS (JRH Biosciences). An expres-
sion plasmid was introduced into these cells by means of
the DEAE-dextran method (36); 5 × 105 cells were plated
onto a 60 mm-diameter dish in 5 ml medium. The culture
dishes were coated with gelatin (cell matrix type I-C,
Nitta Gelatin). After 20 h’ incubation in a CO2 incubator
at 37°C, the medium was discarded and the dish was
washed with TBS (3 ml). A DNA solution (1 ml TBS) con-
taining 2.5 µg expression plasmid for GATA-6, 2.5 µg
salmon sperm DNA (Wako), and 110 µl DEAE-dextran
(Sigma) solution was added, and then the dish was incu-
bated for 30 min. The cells were further incubated for 3 h
in fresh medium (2 ml) containing serum and 100 µM
chloroquin (Sigma). After a TBS (3 ml) wash, 2 ml
medium [serum plus 20% (v/v) glycerol] was added, and
then the dish was kept for precisely 4 min at room tem-
perature and then washed with TBS (3 ml). Cells were
grown for 48 h before harvesting in 5 ml of the culture
medium. Protease inhibitors (20 µM MG115, 1 mM
PMSF and 50  µM E-64d) were added at 24 h before har-
vesting as a DMSO solution (10, 25 and 25 µl/5 ml
medium, respectively).

In each well of a 6-well culture plate, 1 × 105 CHO-K1
cells (37) were seeded in 2 ml F12 medium (GIBCO) con-
taining 7% (v/v) FBS. LipofectamineTM (Invitrogen) was
used for the transfection of an expression plasmid (0.6 µg/

well), according to the manual supplied by the manufac-
turer, except that the volume was quadrupled using F12
medium. HeLa cells (29) were similarly treated with
DMEM.

SDS–Polyacrylamide Gel-Electrophoresis and Western
Blotting—A nuclear extract was prepared by the pub-
lished method (38). Briefly transfected cells were washed
with PBS, and then scraped into 1 ml PBS with a rubber
policeman. Cells were precipitated in a micro-centrifuge
(3,000 rpm) for 2 min at 4°C, and then suspended in 200
µl Buffer A [10 mM HEPES-KOH (pH 7.6), 10 mM KCl,
1.5 mM MgCl2, 0.5 mM DTT, 0.2 mM PMSF]. After incu-
bation for 10 min at 4°C, the cell suspension was mixed
vigorously (10 s with a Vortex mixer), and then centri-
fuged (3,000 rpm) for 10 min at 4°C. The nuclear pellet
was suspended in 50 µl Buffer C [20 mM HEPES-KOH
(pH 7.6), 400 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA,
25% (v/v) glycerol, 0.5 mM DTT, 0.2 mM PMSF] and then
kept on ice for 20 min. Aliquots of the supernatant
obtained on centrifugation at 15 k rpm for 2 min at 4°C
were stored at –80°C until use. A whole cell extract was
also prepared after similar treatment of cells. Cells were
collected in 1 ml PBS and precipitated. They were sus-
pended in 150 µl water containing 1 mM PMSF, and then
sheered 20–30 times with a 25G needle. Protein concen-
trations were determined with a BCA Protein Assay
(Pierce) using BSA (Fraction V, Sigma) as a standard
(39).

Proteins (10 µg for the nuclear extract and 20 µg for
the whole cell extract) were subjected to SDS-polyacryla-
mide gel [7.5% or 10% (w/v), 1 mm thickness] electro-
phoresis (40), and then electro-blotted (200 mA, 90 min,
ATTO Model-AE6675) onto an ImmobilonTM-P membrane
[Millipore PVDF membrane (0.45 µm), IPVH00010] (41).
The membrane was blocked overnight at 4°C with PBS-T
containing 3% (w/v) BSA. Rabbit site-specific polyclonal
antibodies, hGATA-6N, recognizing human GATA-6
(Leu59–Gln217) (42) were used as the first antibodies (×500
diluted) at 25°C; 2 ml solution was layered onto parafilm
(7 × 9 cm) covering the glass, and the side of the mem-
brane onto which proteins had been blotted was carefully
placed in contact with the solution. The second antibod-
ies, horseradish peroxidase-linked donkey anti-rabbit
immunoglobulin (×4,000 diluted) (Amersham-Pharma-
cia-Biotech), were similarly used. An enhanced chemilu-
minescence Western blotting kit (Amersham-Pharmacia-
Biotech) was used according to the manual supplied by
the manufacturer. Usually we exposed the film for 1–60
min before development. When we used antibodies
(hGATA-6C) recognizing human GATA-6 (Cys358–Ala449)
(H-92; Santa Cruz), the blotted membrane was blocked
for 1 h and then reacted with the antibodies (×10,000
diluted) overnight at 25°C. Reprobing was carried out as
follows; the membrane was treated with a buffer [2% (w/
v) SDS, 100 mM β-mercaptoethanol, 62.5 mM Tris-HCl
(pH 6.7)] for 30 min at 50°C, blocked overnight at 4°C,
and then reacted with antibodies in the same way as for
hGATA-6N. The amino acid residue numbers are based
on those of S-type GATA-6 (21).

Cloning of the 5′-Upstream Region of Human GATA-6
mRNA—Total RNA of MKN-45 cells (21) was treated
with RNase-free DNase I (TaKaRa). 5′-RACE was carried
out with an aliquot (1 µg) using a 5′-RACE System for
J. Biochem.
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Rapid Amplifaication of cDNA Ends (GIBCO). The first
strand cDNA was synthesized with a primer, MT010 (all
the PCR primers used in this study are listed in Table 1),
and then subjected to PCR (43); the primer pairs for the
1st and 2nd PCR were MT010/AAP and MT011/UAP(–),
respectively. The PCR conditions were 35 cycles of dena-
turation (94°C, 0.5 min), annealing (55°C, 0.5 min), and
extension (72°C, 0.5 min). The products were analyzed by
agarose gel electrophoresis [1.0% (w/v) agarose (TaKaRa
L03) in TAE-buffer] (36), and visualized by ethidium bro-
mide staining. The amplified ~200 bp fragment was
eluted with Geneclean III (Bio 101), and then ligated into
the pGEM T-Easy vector (Promega). To determine the
transcription start site, the cloned cDNA was sequenced
by the dideoxy chain-termination method (44) using an
ABI PRISM TM310 Genetic Analyzer with a Big DyeTM
Terminator Cycle sequencing Ready Reaction Kit
(Applied Biosystems) and sequence primers (M13 for-
ward and reverse).

To extend the 5′-side of GATA-6 cDNA, we amplified
the 5′-upstream sequence from the above cDNA by suc-
cessive PCR with primer pairs MT005/RN017 and
MT005/AYA007 in the presence of 10% (v/v) DMSO under
the same PCR conditions. The amplified fragments were
cloned and sequenced. The resulting clone without a dele-
tion was named pTA5-7. The XhoI–AatII fragment of
pME-hGT1L was substituted with the corresponding
fragment of pTA5-7 to construct pME-hGT1L5′.

The GATA-6 mRNA transiently expressed from the
expression plasmid in Cos-1 cells was also analyzed.
Total cellular RNA was extracted with Isogen (Wako
Chemicals) (45). The first strand cDNA was synthesized

from 5 µg RNA with primer RN017 as above, and then
PCR was carried out with primer pair RN016/RN017 in
the presence of 10% (v/v) DMSO. The PCR conditions
were 35 cycles of denaturation (96°C, 0.5 min), annealing
(58°C, 0.5 min), and extension (72°C, 1 min). The prod-
ucts were cloned and sequenced. The cDNA portion
amplified from MKN-45 cell RNA with RN016/RN017
was also inserted into the pGEM T-Easy vector (pTA4-4).

Construction of Various Plasmds for GATA-6 Expres-
sion—The ApaI–DraI fragment of our human GATA-6
cDNA (21) was inserted into the ApaI–EcoRV sites of
pGEM5Zf(+). The ApaI (Klenow-treated)- and SpeI-
digested fragment was ligated into the XhoI (Klenow-
treated) and SpeI sites of pME18S. The resulting plasmid
was named pME-hGT1S [designated as pME-hGT1 pre-
viously (21)]. The XhoI–NotI fragment of pTA4-4 was
substituted with the corresponding fragment of pME-
hGT1S to construct pME-hGT1L. The downstream Met
codon of pME-hGT1L was substituted with a Leu (CTC)
codon; the plasmid template was subjected to PCR [25
cycles of denaturation (94°C, 1 min), annealing (57°C, 0.5
min), and extension (72°C, 3 min)] with primer pairs
RN016/MT004 and MT003/RN017, and both amplified
fragments with a SacI site were ligated into the pGEM T-
Easy vector. The XhoI–SacI and SacI–BstXI fragments,
respectively, were inserted between the XhoI and BstXI
sites of pME-hGT1L to produce pME-hGT1LdL. The
upstream Met codon of pME-hGT1L5′ was substituted
with a Leu (CTC) codon; plasmid template pTA5-7 was
subjected to PCR [30 cycles of denaturation (95°C, 0.5
min), annealing (55°C, 0.5 min), and extension (72°C, 0.5
min)] with primer pairs MT005/MT013 and MT012/

Table 1. PCR primers used in this study.

The introduced restriction enzyme sites are underlined. Bold italic letters indicate the nucleotide substitutions.

MT003 5′-AGG AGC TCT ACC AGA CCC T-3′
MT004 5′-TAG AGC TCC TCC GGC TGC T-3′
MT005 5′-ATC TCG AGT TCC GAC CCA CAG CCT GGC AC-3′
MT006 5′-GCC ACC ATG GCC TTG ACT GAC G-3′
MT007 5′-GGC CAT GGT GGC TCC GGC GCC GCT CCA-3′
MT010 5′-AGG CGC GGA GAG AAG CCG AG-3′
MT011 5′-ACT GCA GCC TGG GCT CCT GAT TG-3′
MT012 5′-GGC TAG CCT TGA CTG ACG GC-3′
MT013 5′-GCT AGC CAC GGT CCG GCG CC-3′
RN016 5′-CCC GCT CGA GGA GCT AGA CGT CA-3′ 
RN017 5′-AGC ATG GAA CCC ACG CGG GT-3′
AYA007 5′-AGA GCG GCG AGG GTC TGG TA-3′
hGT1-1 5′-GCA GCA AGT CCT CCC AGC T-3′
dAs 5′-CCG GGG AGC CCT CCA CGC CGC CTT CCC CCA TCT CTT CCT CGT CCT CCT CCT GCT-3′
dAa 5′-CCG GAG CAG GAG GAG GAC GAG GAA GAG ATG GGG GAA GGC GGC GTG GAG GGC TCC-3′
dA(-2)s 5′-CCG GAG CCC TCC ACG CCG CCT TCC CCC ATC TCT TCC TCG TCC TCC TCC TGC TCC-3′
dA(-2)a 5′-CCG GGG AGC AGG AGG AGG ACG AGG AAG AGA TGG GGG AAG GCG GCG TGG AGG GCT-3′
CTGm1s 5′-CCG GGG GCA ACT TGT CGA GCT GGG AGG ACT TGC TCC TCT TCA CTG ACC TC-3′
CTGm1a 5′-TTG GTC GAG GTC AGT GAA GAG GAG CAA GTC CTC CCA GCT CGA CAA GTT GCC C-3′
CTGm2s 5′-GAC CAA GCC GCG ACC GCC AGC AAG CTC CTC TGG TCC TCG CGA GGC GCC AAG T-3′
CTGm2a 5′-TCA ACT TGG CGC CTC GCG AGG ACC AGA GGA GCT TGC TGG CGG TCG CGG C-3′
AAP 5′-GGC CAC GCG TCG ACT AGT ACG GGI IGG GII GGG IIG-3′
UAP(-) 5′-GGC CAC GCG TCG ACT AGT AC-3
M13-F 5′-CGC CAG GGT TTT CCC AGT CAC GAC-3′
M13-R 5′-GAG CGG ATA ACA ATT TCA CAC AGG-3′
pGL3-F 5′-TTC AGG GGG AGG TGT GGG AG-3′
pGL3-R 5′-GAC GAT AGT CAT GCC CCG CG-3′
Vol. 135, No. 5, 2004
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RN017, respectively, and both amplified fragments with
a NheI site were ligated into the pGEM T-Easy vector.
The XhoI–NheI and NheI–AccI fragments, respectively,
were inserted between the XhoI and AccI sites of
pME-hGT1L to produce pME-hGT1L5′uL. pME-
hGT1L5′∆EXuL was similarly constructed from pTA4-
4∆EX (see below).

pTA4-4 was digested with XmaI or BpU1102I, and
then filled-in with the Klenow enzyme. After Eco47III or
SmaI digestion, each large fragment was self-ligated.
The resulting plasmids were named pTA4-4∆EX and
pTA4-4∆SB, respectively. To construct pME-hGT1L∆EX
and pMEhGT1L∆SB, the XhoI–AccI segment of each
plasmid was ligated between the corresponding sites of
pME-hGT1L. The XhoI–AatII segment was excised from
pTA5-7, and then substituted with the corresponding
part of pME-hGT1L∆EX and pME-hGT1L∆SB to con-
struct pME-hGT1L5′∆EX and pME-hGT1L5′∆SB, respec-
tively. Synthetic oligonucleotide pairs dAs/dAa and dA(-
2)s/dA(-2)a were 5′ phosphorylated and annealed. They
were inserted into the XmaI site of pTA4-4∆EX, and then
the XhoI–AccI segment of each plasmid was ligated
between the corresponding sites of pME-hGT1L. The
resulting plasmids were named pME-hGT1L∆Α  and
pME-hGT1L∆A(-2), respectively. The CTG codons located
between the XmaI and BpU1102I sites were substituted
with CTC or TTG codons by cassette mutagenesis; syn-
thetic oligonucleotide pairs CTGm1s/CTGm1a and
CTGm2s/CTGm2a were 5′-phosphorylated and annealed.
They were tandemly introduced between the XmaI and
BpU1102I sites of pTA4-4∆EX. The XhoI–AccI fragment
was ligated between the corresponding sites of pME-
hGT1L∆EX to produce pME-hGT1L∆EX/CTGm.

Further deletion plasmids (pME-hGT1L5′d2 and pME-
hGT1L5′d19) were constructed; pTA5-7 was digested
with XmaI, and nucleotides were deleted by Exonuclease
III treatment. Following Mung bean nuclease and
Klenow enzyme treatment, plasmid DNA of ~150 bp
shorter in size than the original one was separated by
agarose gel electrophoresis and then self ligated. The
XhoI–BpU1102I fragment derived from the deletion con-
struct and the BpU1102I–AccI fragment derived from
pTA4-4 were ligated to the large XhoI-AccI fragment
from pME-hGT1L.

A Kozak sequence was introduced around the
upstream initiation codon of pME-hGT1L5′ and pME-
hGT1L5′∆EX; the plasmid template was subjected to
PCR in the presence of 5% (v/v) DMSO [30 cycles of dena-
turation (96°C, 0.5 min), annealing (58°C and 48°C, 0.5
min), and extension (72°C, 0.5 min)] with primer pairs
MT005/MT007 and MT006/RN017, respectively, and both
amplified fragments with a NcoI site were cloned into the
pGEM T-Easy vector. The XhoI–NcoI and NcoI–AccI frag-
ments derived from the respective clones were ligated to
the large XhoI–AccI fragment derived from pME-hGT1L.
The resulting plasmids were named pME-hGT1LK5′ and
pME-hGT1L∆EK5′, respectively. The molecular biologi-
cal manipulations were performed by the published
methods (36). The DNA sequence after each manipula-
tion step was confirmed by the dideoxy chain-termination
method (23).

Construction of Reporter Plasmids—The 5′-upstream
NheI–EcoRI (Klenow-treated) fragment (–1257–+50 bp,

numbered from the first letter of the initiation codon) of
the rat H+/K+-ATPase β subunit gene (46) was cloned
between the NheI and SmaI sites of the luciferase
reporter gene plasmid, pGL3 basic vector (prHKβ/GL3)
(47). Complementary oligonucleotides carrying tandem
GATA sites derived from Rβ2 [rat H+/K+-ATPase β subu-
nit gene corresponding to –157/–143 bp (46)] with a PstI
site on both sides were annealed, and then their 5′-sides
were phosphorylated with T4 kinase and treated with
ligase (36). An aliquot was mixed with PstI-digested
pBluescriptSKII(+), followed by ligation. A clone with
three tandem repeats (pBS-6GATA) was isolated. The
Klenow-treated NcoI–Eco47III fragment derived from
the rat intrinsic factor gene (48) was inserted into the
EcoRV site of pBS-6GATA. The SacI–ApaLI fragment
derived from the resulting plasmid (pBS-6GATA-rIF)
was inserted between the SacI and HindIII sites of
pUC18 (pUC-8GATA). Although the ApaLI and HindIII
sites were treated with the Klenow enzyme, the HindIII
site was regenerated in the plasmid construct. The EcoRI
(Klenow-treated)–HindIII fragment or SmaI–HindIII
fragment of pUC-8GATA was inserted between the SmaI
and HindIII sites of pGL3. The resulting plasmids (prIF/
GL3 and p8GATA/GL3, respectively) were used for the
present study.

Reporter Gene Assay—In each well of a 6-well culture
plate, 1 × 105 CHO-K1 cells were seeded in 2 ml F12
medium containing 7% (v/v) FBS. LipofectamineTM (Invit-
rogen) was used for transfection (duplicate) of plasmid
DNA, reporter plasmid (1 µg), GATA-6 expression plas-
mid (0.6 µg), and pSV-β-Gal (0.1 µg) (47) per well, accord-
ing to the manual supplied by the manufacturer, except
that the volume was quadrupled using F12 medium.
Lysis buffer (90 µl) was added at 48–53 hrs after the start
of transfection, and then a cell lysate was prepared
(12,000 ×g, 10 min at 4°C). An aliquot (20 µl and 5 µl) of
the supernatant was used for measurement of luciferase
and β-galactosidase activities, respectively (47). To pre-
pare nuclear proteins, the pellet was washed with 30 µl
Buffer C as described above. The nuclear extracts of
duplicate samples were combined and subjected to West-
ern-blotting analysis for GATA-6 using antibodies for
hGATA-6N.

Chemicals—Restriction enzymes were purchased from
NEB, MBI, TaKaRa and Toyobo. T4 DNA ligase was sup-
plied by Stratagene or TaKaRa. T4 DNA polymerase Exo-
nuclease III, mung bean nuclease and RNaseH were from
TaKaRa. The Klenow enzyme, T4 polynucleotide kinase
and calf intestine phosphatase were obtained from NEB.
Ampli Taq was from Applied Biosystems. Oligonucle-
otides were purchased from Invitrogen. MG115 and E-
64d, and PMSF were from the Peptide Institute and
Sigma, respectively. All other chemicals used were of the
highest grade commercially available.

RESULTS

Detection of GATA-6 Proteins Expressed in Cos-1 Cells
Transiently—The amino terminal sequence of short-type
GATA-6 (S-type) (21) is similar to those of GATA-4 (17)
and GATA-5 (49). In addition to the S-type, GATA-6
mRNA encodes a long type product (L-type) that extends
146 amino acid residues in frame further upstream of the
J. Biochem.
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S-type initiation methionine (20, 35). In this study, we
examined which type of GATA-6 is translated at the cel-
lular level with a transient transfection system and what
signal in GATA-6 mRNA or protein affects the production
of the two types of GATA-6. The expression of GATA-6
was detected with antibodies upon transfection of expres-
sion plasmids into Cos-1 cells, as shown in Fig. 1A.

When an expression plasmid with two initiation
codons for the L- and S-types (pME-hGT1L) was intro-
duced, two specific bands corresponding to apparent
molecular sizes of 70k and 56k, respectively, appeared, as
determined with antibodies for GATA-6. The 56k band
corresponded to the GATA-6 protein expressed from the
S-type expression plasmid (pME-hGT1S).

Effect of the 5′-Upstream Sequence on the Expression of
GATA-6—The above observations do not exclude the pos-
sibility that the 5′-upstream sequence has a critical role
in selection of the initiation codon. Since our initial
expression plasmid (pME-hGT1L) has only a portion of
the upstream sequence of GATA-6 cDNA (20), we added a
further upstream sequence proximal to the 5′-cap site
(51) to the expression plasmid. To do so, we first deter-
mined the 5′ end point by 5′-RACE using mRNA of
human gastric adenocarcinoma MKN-45 cells (21). As
shown in Fig. 1B, the 5′-upstream sequence was essen-
tially the same as the reported end of cDNA (20). Inter-
estingly, there is a short open reading frame (uORF) in
the entire upstream sequence. Such an uORF often
affects the expression of a downstream open reading
frame positively or negatively (51, 52). So we amplified

the upstream sequence by PCR, and a plasmid express-
ing the entire 5′-upstream sequence was constructed
(pME-hGT1L5′). Plasmids pME-hGT1L and pME-
hGT1L5′ were introduced into Cos-1 cells, and then the
expression of L-type and S-type GATA-6 was compared.
However, the expression patterns of the two types of
GATA-6 were essentially the same (Fig. 1A), indicating
that the 5′-upstream sequence proximal to the cap-site or
the short uORF encoding 8 amino acid residues has no
effect on the production of either translational isoform.

When the initiation codon (downstream) for the S-type
was changed to a Leu codon (ATG→CTC) (pME-
hGT1L5′dL) (Fig. 1C), the S-type band disappeared but
the 70k band was still visible, confirming that the latter
corresponds to the L-type. The lower molecular weight
product than S-type GATA-6 detectable upon substitu-
tion of the downstream Met codon was similar in size to
that of rat GATA-6(∆50) (50), suggesting that a further
downstream Met codon could be used.

Deletion of the Sequence between the Two Initiation
Codons—It is also possible that the internal ribosome
entry site (IRES) between the two Met codons stimulates
the translation from the downstream initiation codon
(53). To examine this possibility, we deleted a portion
between the upstream and downstream initiation codons
of expression plasmid pME-hGT1L, and then GATA-6
proteins were analyzed. Two plasmid constructs (pME-
hGT1L∆EX and pME-hGT1L∆SB) were expected to
express similar sized L-types, since 268 (upstream half,

Fig. 1. Detection of GATA-6 in
transiently transfected Cos-1
cells. Cos-1 cells were trans-
fected with either pME-hGT1L,
pME-hGT1L5′, pME-hGT1S, ME-
hGT1L5′dL, or pME18S (as mock
transfection). After two days, a
nuclear extract was prepared.
An aliquot was subjected to
SDS–polyacrylamide gel-electro-
phoresis (10%) and then ana-
lyzed by Western-blotting with
hGATA-6N antibodies [A]. The
positions of L-type and S-type
GATA-6 are indicated by the
closed arrowhead and closed ar-
row, respectively, and that of
GATA-6(∆50) by an open arrow.
The extremely 5′-upstream se-
quence is shown in [B]. The up-
stream open reading frame
starts from the first “atg” codon
and ends at the “tag” codon. The
L-type GATA-6 starts from the
second “atg” codon. The expres-
sion plasmids and translation
pattern are schematically shown
in [C]. The position of an initia-
tion codon is indicated by an as-
terisk together with the nucle-
otide residue number. The uORF
is also indicated. The hatched
box corresponds to the sequence
with the gray background in [B].
The termination codon for uORF
is boxed in gray.
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∆38–304) and 265 (downstrean half, ∆143–406) nucle-
otide fragments were deleted, respectively (Fig. 2A).

As shown in Fig. 3A (left), an L-type GATA-6, with the
size expected from the deletion, was produced from the
latter plasmid, although its molecular weight was
smaller than that of the native L-type. However, surpris-
ingly, a corresponding L-type band could not be detected
for the former plasmid. Furthermore, the addition of the
5′-upstream sequence (pME-hGT1L5′∆EX and pME-
hGT1L5′∆SB) did not affect the expression pattern in the
case of pME-hGT1L∆EX or pME-hGT1L∆SB. These
results suggest that the unexpected expression pattern
could be primarily due to the mRNA sequence between
the two initiation codons. Such a phenomenon together

with translation of both the L- and S-types were repro-
ducibly observed with not only Cos-1 cells but also with
CHO-K1 and HeLa cells (Fig. 3, B and C), suggesting that
it might be a general phenomenon in cultured mamma-
lian cells, consistent with the previously reported in vitro
translation system (35).

To further confirm this observation, we constructed a
deletion plasmid by a different route and determined the
important region for expression of L-type GATA-6.
Manipulation with nuclease generated plasmids pME-
hGT1L5′d2 and pME-hGT1L5′d19, which have 171 and
261 bp deletions (∆139–309 and ∆92–352, respectively)
(Fig. 2A). The ∆139–309 deletion produced an L-type
GATA-6 similar to pME-hGT1L5′∆SB, whereas the ∆92–
352 deletion showed a similar expression pattern to
pME-hGT1L5′∆EX (Fig. 3A, right). These results suggest
that the nucleotide residues between the 92nd and 138th
(or Glu-31–Cys-46) positions could play a critical role in
the expression of L-type GATA-6 (Fig. 2B).

Effect of the Internal Sequence—We next determined
the effect of inserting this nucleotide sequence into
expression plasmid pME-hGT1L∆EX. We inserted two 50
base sequences, which have identical residues except for

Fig. 2. Schematic representation of expression plasmids for
various amino terminal deletions of GATA-6, and the results
of deletion. (A) Expression plasmids for amino terminal truncated
GATA-6 are schematically shown. Asterisks indicate the initiation
codons for L- and S-type GATA-6 (1st and 439th codons, respec-
tively). All the plasmids produced S-type GATA-6 (gray arrows),
while two of them (d19 and ∆EX) did not apparently produce the L-
type (open arrows) in contrast to d2 and ∆SB (black arrows), but a
GATA-6 slightly larger in size than the S-type was detected (small
open arrowheads). The nucleotide residue numbers for the ligated
regions of d2, d19, ∆EX and ∆SB are indicated. The extremely 5′-
upstream sequences (Fig. 1, B and C) shown for pME-hGT1L5′d2
and pME-hGT1L5′d19 were also connected to pME-hGT1L, pME-
hGT1L∆EX and pME-hGT1L∆SB, as described under “MATERIALS
AND METHODS.” (B) The translated regions of the corresponding L-
type GATA-6 derived from expression plasmids (indicated in A) are
shown as boxes, while the deleted regions are indicated by lines.
Comparison of the translated products and deleted sequences sug-
gested the region with the overline (92nd and 138th nucleotide res-
idues corresponding to Glu-31 and Cys-46) was important for the
producction of L-type GATA-6. The L-type specific amino acid
sequence is shown with asterisks on the Leu residues encoded by
CTG codons.

Fig. 3. Effects of deletion of the nucleotide residues between
the initiator Met codons. Cos-1 cells [A; left], CHO-K1 cells [B],
and HeLa cells [C] were transfected with either pME-hGT1L, pME-
hGT1L∆EX, pME-hGT1L∆SB, pME-hGT1S or pME18S (as mock
transfection). An extremely 5′-upstream sequence was present in
the plasmid used in experiment [A; right] (pME-hGT1L5′d2, pME-
hGT1L5′d19, pME-hGT1L5′∆EX or pME-hGT1L5′∆SB). After two
days, a nuclear extract [A and B] or whole cell extract [C] was pre-
pared. They were analyzed by Western-blotting with hGATA-6N
([A] left, [B] and [C]) or hGATA-6C ([A] right) antibodies after SDS–
polyacrylamide (10% for [A], and 7.5% for [B] and [C]) gel-electro-
phoresis. The positions of L-type and S-type GATA-6 are indicated
by closed arrowheads and closed arrows, respectively. The open
arrowheads indicate an unusually sized product. The expression
plasmids introduced are schematically shown in Fig. 2A.
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two each at the 5′ and 3′ ends. Although these sequences
are essentially the same at the nucleotide level, the
translated sequences are completely different. Thus, we
attempted to determine which is important for the pro-
duction of L-type GATA-6, the nucleotide or the amino
acid sequence. The results demonstrated that the nucle-
otide sequence that produces the correct amino acid
sequence (pME-hGT1L∆Α) restored the expression pat-
tern (Fig. 4), while pME-hGT1L∆A(-2), which does not
produce the correct amino acid sequence, did not. All
these results strongly suggest that the amino acid resi-
dues (Glu-31–Cys-46) encoded by the 92nd to 138th
nucleotide residues but not the nucleotide residues per se
are essential for the formation of L-type GATA-6 (Fig.
2B).

Evaluation of the Translation from the CUG Codons
between the Two Met-Codons—An unusually sized prod-
uct, whose molecular weight was slightly higher than
that of S-type GATA-6, was evident, especially upon
transfection of pME-hGT1L∆EX, pME-hGT1L5′∆EX and

pME-hGT1L5′d19, although it was apparently not detected
with pME-hGT1L∆A(-2), possibly due to the extremely
hydrophobic nature of the peptide sequence translated
from the insertion (Figs. 3 and 4). When we studied the
time course of GATA-6 accumulation in transfected cells,
the expression patterns at 24, 36 and 48 h after transfec-
tion were found to be essentially the same, and we could
not detect any L-type production immediately after
transfection. We also did not observe cryptic splicing
products in the cells transfected with pME-hGT1L∆EX,
pME-hGT1L∆A(-2), and pME-hGT1L∆SB (data not
shown). This may suggest that the appearance of the
unusual protein band on focusing is not due to the post-
translational proteolysis of full-length L-type GATA-6
after completion of its biosynthesis or the altered splicing
of its mRNA.

It is well known that a non-AUG codon such as CUG is
often used for oncoproteins, growth factors and transcrip-
tion factors (51). Actually, many CUG codons are distrib-
uted between the upstream and downstream Met-codons
of GATA-6 mRNA, and most of these codons (6 out of 8)
are located between the XmaI and BpU1102I sites of
pME-hGT1∆EX, with only one in pME-hGT1L∆SB from
the 5′ side (Fig. 2B). To determine whether or not the
translation starts from these CTG codons in pME-
hGT1L∆EX, we substituted all these CTG codons with
CTC or TTG. However, the resulting plasmid, pME-
hGT1L∆EX/CTGm, still produced the slightly higher
molecular weight protein together with S-type GATA-6
(Fig. 5A), suggesting that the internal CUG codons could
not function as translational initiation sites. Although
the higher molecular weight product (from pME-
hGT1L5′∆EX and pME-hGT1L5′d19) was similarly
detected in the presence of inhibitors for typical pro-
teases such as MG115 (proteasome), PMSF (serine pro-
tease), and E-64d (cystein protease) (data not shown),

Fig. 4. Effect of re-introduction of the 50-bp nucleotide resi-
dues on the expression of L-type GATA-6. Cos-1 cells were
transfected with the plasmid carrying the re-introduced 50 bp
nucleotide residues [pME-hGT1L∆A or pME-hGT1L∆A(-2)] or with
either pME-hGT1L, pME-hGT1L∆EX, pME-hGT1L5′d19, pME-
hGT1L∆SB, pME-hGT1S or pME18S. After two days, a nuclear
extract was prepared. An aliquot was subjected to SDS-polyacryla-
mide gel electrophoresis (10%) and then analyzed by Western-blot-
ting with hGATA-6N antibodies. The positions of L-type and S-type
GATA-6 are indicated by closed arrowheads and the closed arrow,
respectively. The open arrowheads indicate an unusually sized
product. The inserted nucleotides and translated sequences are
shown in the lower part. Italic letters indicate unrelated nucleotide
residues and amino acid residues generated at the inserted edges.
Plasmid pME-hGT1L∆A produced both L-type (closed arrow) and S-
type GATA-6 (gray arrow), while pME-hGT1L∆A(-2) only produced
the S-type.

Fig. 5. Effects of nucleotide changes for Leu codons and the
upstream initiation codon on expression of the unusually
sized product. Cos-1 cells were transfected with expression plas-
mid pME-hGT1L, pME-hGT1L∆EX/CTGm (carrying altered Leu
codons), or pME18S [A], or with pME-hGT1L5′, pME-hGT1L5′uL
(carrying a CTC codon instead of the upstream initiation codon), or
pME18S [B] (see Fig. 6C). After two days, a nuclear extract was pre-
pared. An aliquot was subjected to SDS-polyacrylamide gel electro-
phoresis (7.5% for [A] and 10% for [B]) and then analyzed by West-
ern-blotting with hGATA-6N antibodies. The positions of L-type
and S-type GATA-6 are indicated by closed arrowheads and closed
arrows, respectively. The open arrowhead indicates an unusually
sized product.
Vol. 135, No. 5, 2004
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this experimental evidence suggests that the nascent L-
type protein would be unstable without the region at
least between Glu-31 and Cys-46, and would probably be
partly degraded.

We further constructed an expression plasmid with
substitution of the upstream Met codon with a Leu codon
(CTA). The resulting plasmid (pME-hGT1L5′uL) did not
produce L-type GATA-6 or the intermediate size product
larger than the S-type (Fig. 5B). It was also demon-
strated that pME-hGT1L5′∆EuL did not produce such an
unusual intermediate product (Fig. 6A). These results

again support the above suggestion that L-type GATA-6
would be labile during synthesis without the region
between Glu-31 and Cys-46.

Effect of a Kozak Sequence around the Upstream Initi-
ation Codon—The sequences around both the upstream
(for L-type) and downstream (for S-type) initiation
codons of GATA-6 mRNA (CCGUGGaugG and GAGGA-
GaugU, respectively) do not match the Kozak sequence
[GCC(A/G)CCaugG] well (51). Considering that position
“–3” is most critical, and position “+4” is the next most
critical, the S-type seems to be more favorably trans-
lated. So we next changed the sequence around the
upstream initiation codon to a Kozak sequence (GCCAC-
CaugG). Introduction of the resulting plasmid, pME-
hGT1L5′K, demonstrated that only L-type was detected
(Fig. 6A), suggesting that L-type GATA-6 is translated
exclusively from the upstream initiation codon with a

Fig. 6. Effects of nucleotide changes for the upstream initia-
tion codon and to a Kozak sequence. Cos-1 cells were trans-
fected with expression plasmid pME-hGT1L5′, pME-hGT1L5′∆EX,
pME-hGT1L5′∆EuL, pME-hGT1L5′K or pME18S [A], or with pME-
hGT1L5′, pME-hGT1S, pME-hGT1L5′∆SB, pME-hGT1L5′∆EX,
pME-hGT1L5′∆EK, pME-hGT1L5′d19 or pME18S [B]. After two
days, a nuclear extract ([A]) or whole cell extract ([B]) was prepared.
They were analyzed by Western-blotting with hGATA-6C ([A]) or
hGATA-6N ([B]) antibodies after SDS-polyacrylamide (7.5%) gel-
electrophoresis. The positions of L-type and S-type GATA-6 are
indicated by closed arrowheads and closed arrows, respectively. The
open arrowheads indicate an unusually sized product. The expres-
sion plasmids introduced (except for pME-hGT1S and pME-
hGT1L5′d19; see Figs. 1 and 2.) are schematically shown in [C]. The
hatched box corresponds to the sequence with the gray background
in Fig. 1B. In [C], L-type GATA-6, S-type GATA-6, and the product
slightly larger in size than the S-type are indicated by black arrows,
gray arrows and open arrowheads, respectively. The open arrows
indicate that the L-type was apparently not produced. Asterisks
indicate the initiation codons for L- and S-type GATA-6 (1st and
439th codons, respectively). The upstream initiation codon with a
Kozak sequence is boxed. The upstream initiation codon was also
substituted with CTC in pME-hGT1L5′uL and pME-hGT1L5′∆EuL.

Fig. 7. Comparison of the transcriptional activities of L- and
S-type GATA-6 with various GATA-responsive promoters.
Expression plasmids for L- and S-type GATA-6 (pME-hGT1L5′K
and pME-hGT1S, respectively) were introduced into CHO-K1 cells
together with either of the reporter gene plasmids (prIF/GL3,
prHKβ/GL3 or p8GATA/GL3) plus the β-galactosidase expression
plasmid, as described under “MATERIALS AND METHODS.” Luciferase
activities were normalized as to those of the β-galactosidase. The
relative activities as to mock transfection (pME18S instead of
expression plasmids for GATA-6) are shown with deviation for
duplicate measurements. Similar tendencies were observed in inde-
pendent transfection experiments. A nuclear extract was also pre-
pared and then an aliquot was subjected to Western blotting with
hGATA-6N antibodies. The closed arrowheads indicate L- and S-
type GATA-6. The positions of “GATA” sequences in the promoter
regions of the IF and H+/K+ ATPase β subunit genes are schemati-
cally shown by open and closed boxes, respectively. The gray boxes
show the GATT sequences recognized by GATA-6 (8). The asterisks
in the expression plasmids correspond to the initiation codons.
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Kozak sequence. This was again observed not only in
Cos-1 cells but also in CHO-K1 and HeLa cells (data not
shown). Probably, scanning by ribosomes (49, 50) could be
leaky in the case of native GATA-6 mRNA, and a less
suitable initiation codon for the L-type would often be
passed and a more suitable one for the S-type be recog-
nized. Substitution of the downstream Met codon with
CTC (Fig. 1) did not alter the expression pattern except
for disappearance of the S-type and the concomitant
appearance of GATA-6 (∆50), indicating that ribosomes
seem to scan further and start initiation from the Met
codon for GATA-6 (∆50) (21).

Analysis with a whole cell extract gave essentially the
same results (Fig. 6B), indicating that the results were
not due to alteration of the cytoplasmic localization of
GATA-6. Actually, it has been demonstrated that the
nuclear localization signal of GATA-6 is present in the
sequence of GATA-6 (∆50) (50). We further constructed a
deletion version of the 92nd to 138th nucleotide residues
(pME-hGT1L5′∆EK) from pME-hGT1L5′K, and deter-
mined the expression pattern of GATA-6. Interestingly,
typical L- and S-types were not produced from this con-
struct, while only a slightly larger band than that of the
S-type, similar to in the case of pME-hGT1L5′∆EX and
pME-hGT1L5′d19, was detected (Fig. 6B). Potentially,
translation starting exclusively from the upstream initia-
tion codon with a Kozak sequence would be affected in
the absence of the amino acid sequence from the 92nd to
138th nucleotide residues, and the size of L-type could be
decreased.

Molecular Activities of L- and S-Type GATA-6—L-type
GATA-6 was stably translated from its initiation codon in
the Kozak sequence without the production of S-type
GATA-6 (Fig. 6), which prompted us to examine the
molecular activities of L- and S-type GATA-6. The
expression plasmid for the L-type (pME-hGT1L5′K) or S-
type (pME-hGT1S) was introduced into CHO-K1 cells
together with either a reporter plasmid (prIF/GL3,
prHKβ/GL3 or p8GATA/GL3) carrying a GATA-respon-
sive promoter [rat intrinsic factor gene (48), rat H+/K+-
ATPase β subunit gene (46), or the combination of the
intrinsic factor gene and the GATA binding motif of the
rat H+/K+-ATPase β subunit gene (this study), respec-
tively] upstream of the luciferase reporter gene. As
shown in Fig. 7, the introduction of expression plasmids
for GATA-6 enhanced the luciferase activity driven by
GATA-responsive promoters. The luciferase activity on
expression of the L-type was higher than that of the S-
type. Western blotting analysis demonstrated that a
rather high amount of the S-type was detected compared
with that of the L-type in all the experimental groups,
suggesting that L-type GATA-6 could have higher molec-
ular activity to transactivate GATA-responsive genes.

The difference in the activation by L- and S-type
GATA-6 was small with the promoter of the H+/K+-
ATPase β subunit gene. This might be explained by the
presence of various negative elements in addition to posi-
tive GATA-binding sites in the long cloned 1,300 bp
region. The higher activity with p8GATA/GL3 can be
ascribed to the presence of a number of GATA binding
sites, since a cluster of binding sites could stimulate the
transcription (54).

DISCUSSION

Determination of the 5′-terminal sequence of human
GATA-6 mRNA revealed an in frame upstream initiation
codon (20). From such mRNA with a 5′-upstream
sequence, two GATA-6 proteins are translated. In this
study, we constructed various expression plasmids for
human GATA-6, and examined in detail the effects of
gene manipulation on the expression of translational iso-
forms at the cellular level, because little is known about
the molecular mechanisms of GATA-6 regulation in spite
of its importance in embryogenesis and tissue-specific
gene expression (15, 18, 23–32). The expression plasmid
produced two isoforms (L-type and S-type) of GATA-6 on
transient introduction into Cos-1 cells, HeLa cells and
CHO-K1 cells, suggesting that such a mode of translation
would be a general phenomenon, at least in cultured
cells. Ribosomal scanning from 5′-CAP of mRNA is sug-
gested to be a mechanism of selection for initiation
codons (51, 52). The introduction of a Kozak sequence
(51) around the upstream AUG codon stopped the expres-
sion of the S-type. Furthermore, substitution of the
downstream AUG codon with CUC not only stopped the
expression of the S-type but also produced GATA-6(∆50).
These results suggest that the context of the upstream
initiation codon of inherent mRNA for GATA-6 is not
favorable and that the downstream AUG codon for the S-
type [or GATA-6(∆50)] is recognized on leaky ribosome
scanning (51, 52).

An IRES sequence to which a ribosome binds and
starts translation is known in virus-derived mRNAs (53).
An IRES sequence promotes translation from a down-
stream initiation codon. However, we could not find such
an IRES sequence between the upstream and down-
stream AUG codons in deletion experiments. A short
uORF located on the extremely 5′-side of mRNA often
stimulates or inhibits translation from the immediately
downstream initiation codon (52). The 5′-upstream
sequence of GATA-6 mRNA determined by 5′-RACE with
mRNA of MKN-45 cells revealed a uORF consisting of 8
codons. The expression levels of L- and S-type GATA-6
were essentially the same in the presence and absence of
this uORF, suggesting that the uORF does not function in
regulation of the translation of L-type GATA-6.

An interesting finding is that deletion of the 267 bp
region between the ATG codons for L- and S-type GATA-
6 surprisingly abolished the expression of the L-type
without affecting that of the S-type. Only the 50 bp
region re-introduced into the 267 bp-deleted sequence
caused production of the L-type again. However, intro-
duction of essentially the same nucleotide sequence with
a shifted frame did not restore the expression of the L-
type, indicating that the protein sequence in its own
might be important for the apparent synthesis of L-type
GATA-6. Furthermore, interestingly, the identified pro-
tein sequence was a typical PEST sequence (55) with a
Pro-rich amino terminal half and a poly-Ser carboxyl
terminal half between the Arg residues. This PEST
sequence is hardly expected to function as a degradation
signal, at least under the present experimental condi-
tions. Rather it would likely prevent potential degrada-
tion of nascent polypeptide chains, probably through
interaction with other proteins. The expression of amino
Vol. 135, No. 5, 2004
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terminal truncated GATA-6 with this PEST sequence (161
amino acid residues) did not restore the production of the
L-type from pME-hGT1L∆EX or pME-hGT1L5′∆EX (not
shown), suggesting that the PEST sequence is cis-regula-
tory. Furthermore, introduction of a Kozak sequence
around the upstream AUG codon could not overcome the
effect of removal of the PEST sequence. The present
results strongly indicate a novel mechanism by which the
unique sequence of the extended N-terminal region of
GATA-6 participates in the stable expression of the L-
type.

Our expression plasmid carrying the 5′-upstream
region of the mRNA of GATA-6 produces mRNA from
exon 1a, but a truncated version from exon 2. Various
organs synthesize mRNAs starting from exon 1a and
exon 1b in a similar ratio through alternative splicing,
and both mRNAs translate L- and S-type GATA-6 in an
in vitro system (35). Furthermore, the present results
demonstrated that two isoforms of GATA-6 are produced
with or without exon 1a. Considering these observations,
it is clear that exon 1 does not play a specific role in the
production of the L- and S-types. It must also be noted
that both the L- and S-types are produced from mouse
GATA-6 cDNA, suggesting that this phenomenon could
be conserved in mammals (35). Furthermore, the L-type
is detected much more than the S-type in an in vitro sys-
tem, although the cDNA sequence has been manipulated
(35). However, the amounts of the L-type were slightly
lower compared with those of the S-type in cultured cells.

The N-terminal sequence of S-type GATA-6 exhibits
similarity to those of GATA-4 and GATA-5 (17, 21, 49),
suggesting that the S-type would be a prototype of GATA-
6, and it seems likely that the evolutionarily added long
5′-upstream sequence would have further put an ATG
codon in frame. The resulting L-type might have been
selected, since it has a stronger effect on transcriptional
activation. As for the effect of GATA-6 on growth, mRNA
of GATA-6 decreases upon stimulation of human and rat
endothelial cells by a growth factor (19), suggesting that
GATA-6 may function in the cell cycle similar to p53 (34).
However, GATA-6 is expresseed in a region in which
undifferentiated and actively dividing cells are dominant
in chick intestinal villi (56), and its over-expression in
Xenopus embryos blocks the differentiation of heart pre-
cursors (57). Analysis of the GATA-6 protein is required
to determine whether the paradoxical modes of expres-
sion and function could be due to the selection of transla-
tional isoforms (L-type and S-type) or the sequence diver-
gence between mammals and other vertebrates (21).

The functional significance of the two forms of GATA-6
is not known at present. However, fine-tuning of GATA-1-
dependent gene expression is proposed for alternative
translation products of GATA-1 with different transcrip-
tional activities, although the L-type of GATA-1 corre-
sponds to the S-type of GATA-6 (58). C/EBPβ is an exam-
ple of which the biological significance in gene regulation
is fairly well known (59, 60). The L-type of C/EBPβ is a
transcriptional activator, whereas the S-type is an inhib-
itor. They are generated in frame from a single mRNA.
The ratio of these two types is suggested to be important
for differentiation of the liver and mammary glands.
Thus, analysis of GATA-6 in the tissues in which GATA-6
is specifically expressed and a study on the role of the

PEST sequence from the viewpoint of protein-protein
interactions could provide valuable information on the
mechanism and regulation of GATA-6 at the molecular
level.
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