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ABSTRACT 

We screened 95 kinase inhibitors whether they affect 
cAMP-dependent proteolysis of GATA-6 or not. 
Among them 7 inhibitors inhibited the proteolysis at 
the concentration range of μM around their IC50. 
They are inhibitors for protein kinase A (H-89 and 4- 
cyano-3-methylisoquinoline), c-Jun N-terminal kinase 
(SP600125), phosphatidylinositol 3-kinase (Wort- 
mannin and LY-294002), casein kinase II (TBB) and 
cyclin dependent kinase (Cdk1/2 inhibitor III). It is of 
interest how these kinases play roles in the degrada- 
tion process of GATA-6 since this transcription factor 
is essential for development and tissue-specific gene 
expression of mammals. Inhibitors identified in this 
study would be helpful to study molecular mecha- 
nisms of phenomena in which GATA-6 participates. 
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1. INTRODUCTION 

The sequence-specific DNA-binding protein GATA-6 
[1,2] is essential for early developmental processes and 
tissue-specific gene expression of mammals [3]. GATA- 
6 stably expressed in CHO-K1 cells is specifically 
degraded by proteasomes upon elevation of cAMP 
concentration [4]. It is suggested by inhibitor studies that 
this signaling pathway is mediated by protein kinase A 
(A-kinase) but not by other kinases such as C-kinase, 
MAP-kinase (MEK and p38), CAM kinase II, and Src 
kinase [5]. 

When GATA-6 was fixed on the cytoplasmic side of 
endoplasmic reticulum membrane as a fusion protein 
with the carboxy-terminal membrane domain of SREBP, 
it was degraded similarly to that expressed in the nucleus, 
suggesting that the degradation of GATA-6 occurs at 
least in the cytoplasm [6]. A similar degradation pathway 
is demonstrated for proteolysis of Sp1 in NRK cells [7,8]. 

Although the phenomenon of cAMP-dependent proteo- 
lysis is evident in mammalian cultured cells, its phy- 
siological role has not been unveiled. 

We could obtain mutant clones in which GATA-6 is 
not degraded even in the presence of dbcAMP although 
mutation sites were unidentified [9]. It is also demon- 
strated that two signaling pathways branch off at the 
point of A-kinase [10]. However, none is known for 
component molecules participated in the signaling path- 
way of GATA-6 degradation except cAMP and A- 
kinase. 

In this study, we compared 95 kinase inhibitors [11] 

since we are expecting that there are multiple cross-talks 
between A-kinase and different kinases hitherto not 
being examined by us. Actually we identified 5 kinase 
inhibitors that prohibit protein kinases other than A- 
kinase. These kinase inhibitors will give us novel in- 
sights into how kinase cascade operates in the proteolysis 
of GATA-6. 

2. MATERIALS AND METHODS 

2.1. Materials 

The SCADS inhibitor kit III was provided from Screen- 
ing Committee of Anticancer Drugs supported by Grant- 
in-Aid for Scientific Research on Priority Area “Cancer” 
from The Ministry of Education, Culture, Sports, Science 
and Technology, Japan [11]. Cyclin-dependent kinase 
(Cdk)1/2 inhibitor III, 4,5,6,7-tetrabromobenzotriazole 
(TBB), Wortmannin, and 4-cyano-3-methylisoquinoline 
were obtained from Calbiochem. LY-294002 and 
SP600125 from Wako Chemicals and Alexis Biochemi- 
cals, respectively. 

2.2. Cell Culture 

CHO-K1 cells (1.5 × 106 per well, in a 100 mm dish) 
stably expressing rat GATA-6 (tc1-17a cells) [8] were 
cultured in Ham F-12 medium (Sigma) containing 7% 
(v/v) fetal bovine serum (FBS) (Gibco BRL) at 37˚C for 
24 h, and then the culture medium was replaced by the 
fresh one containing both 2 mM dbcAMP (Sigma) and 1 *Corresponding author. 
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µM each of kinase inhibitors. 

2.3. Immunoblotting Analysis of GATA-6 

Cells treated with both dbcAMP and a kinase inhibitor 
for 24 h were washed with phosphate-buffered saline [10 
mM sodium phosphate buffer (pH 7.2), 137 mM NaCl, 3 
mM KCl] (PBS), and scraped into 1 ml PBS with rubber 
policeman. Cells were precipitated in micro-centrifuge 
(3000 rpm) for 2 min at 4˚C, and then suspended in 200 
µL Buffer A [10 mM 4-(2-hydroxyethyl)-1-piperazinee- 
thanesulfonic acid (HEPES)-KOH (pH 7.6), 10 mM KCl, 
1.5 mM MgCl2, 0.5 mM dithiothreitol (DTT), 0.2 mM 
phenylmethanesulfonyl fluoride (PMSF)]. After incuba- 
tion for 10 min at 4˚C, the suspension was mixed with 
vortex mixer, and centrifuged (3000 rpm) for 10 min at 
4˚C. The nuclear pellet was suspended for 30 min at 4˚C 
in 50 µl Buffer C [20 mM HEPES-KOH (pH 7.6), 400 
mM NaCl, 1.5 mM MgCl2, 0.2 mM ethylenediamine- 
tetraacetic acid (EDTA), 0.5 mM DTT, 0.2 mM PMSF, 
25% (v/v) glycerol]. The suspension was centrifuged 
(15,000 rpm) for 2 min at 4˚C, and the supernatant was 
stored at –80˚C until use [8]. Protein concentrations were 
determined with a BCA Protein Assay (Pierce) using 
bovine serum albumin (Fraction V, Sigma) as a standard 
[12]. 

Proteins (10 µg) were subjected to sodium dodecylsul- 
fate (SDS)-polyacrylamide gel-electrophoresis [7.5% 
(w/v) separation gel] [13], and then electro-blotted on 
ImmobilonTM-P membrane (Millipore) [14]. The GATA- 
6 was detected with AmershamTM ECL Western blotting 
analysis system [×2000 and ×5000 dilution for anti- 
GATA-6 antibodies [4] and horseradish peroxidase 
(HRP)-linked donkey anti-rabbit immunoglobulin (Ig) 
(Amersham Biosciences), respectively]. 

3. RESULTS 

3.1. Effects of Kinase Inhibitors on 
cAMP-Dependent Proteolysis of GATA-6 

We have previously reported that the activation of A- 
kinase by cAMP caused the degradation of GATA-6 by 
proteasomes [4]. However, component molecules com- 
municating between A-kinase and proteasomes have not 
been identified. To address the cross-talk between A- 
kinase and other protein kinases [4,5], we examined the 
effects of kinase inhibitors (SCADS inhibitor kit III) [11] 
on cAMP-dependent proteolysis of GATA-6 using tc1- 
17a cells that is a CHO-K1 clone stably expressing 
GATA-6. 

Among 95 kinase inhibitors [11], H-89 [15] (A-kinase 
inhibitor) exhibited an inhibitory effect as we previously 
reported, and another A-kinase inhibitor 4-cyano-3- 
methylisoquinoline [16] also inhibited the proteolysis. 

These results confirmed that A-kinase functions in the 
proteolysis of GATA-6. Interestingly other five inhi- 
bitors (Cdk1/2 inhibitor III [17], TBB [18], SP600125 
[19], LY-294002 [20], and Wortmannin [21]) for serine- 
threonine kinases such as cyclin dependent kinase 
(CDK)1 [22], CDK2 [23], casein kinase II (CKII) [24], 
c-Jun N-terminal kinase (JNK) [25], and phosphatidy- 
linositol 3-kinase (PI3K) [26], respectively, strongly in- 
hibited GATA-6 degradation (Figure 1). 

On the other hand, inhibitors for tyrosine kinases did 
not have any effects. Only weak effects could be detect- 
ed for several inhibitors (sample No. 28, 29, 30, 43 and 
65 shown in Figure 1). However, we focused on the 6 
inhibitors that showed strong inhibitory effects in the 
following experiments. 

3.2. Effective Concentrations of Kinase 
Inhibitors against cAMP-Dependent 
Proteolysis of GATA-6 

Next we examined the effective concentration of 6 
kinase inhibitors (Cdk1/2 inhibitor III, TBB, SP600125, 
LY-294002, Wortmannin, and 4-cyano-3-methylisoqui- 
noline) on the inhibition of GATA-6 degradation. As 
shown in Figure 2., all inhibitors showed inhibition at 
the concentration of 1.0 µM similar to Figure 1. 
SP600125 showed strong inhibition since they were 
effective at the concentration as low as 0.01 µM. Wort- 
mannin, and 4-cyano-3-methylisoquinoline were also 
inhibitory at relatively low concentration of 0.05 µM. 
However, Cdk1/2 inhibitor III and TBB were effective at 
0.5 and 1.0 µM, respectively. LY-294002 was weak 
inhibitory at 1.0 µM. These results suggest that A-kinase 
together with other kinases such as JNK, PI3K, CKII and 
CDK could be components of signal-induced proteolysis 
of GATA-6.  

4. DISCUSSION 

We screened 95 kinase inhibitors whether they could 
inhibit cAMP-dependent proteolysis of GATA-6, and 
found that 7 of them strongly and moderately inhibited 
the induced proteolysis. Two (H-89 and 4-cyano-3- 
methylisoquinoline) are inhibitors of A-kinase, indicat- 
ing that our previous observation [4] is reproducible 
since H-89 is again positive in the present study. 
Furthermore, KN93, PD98059, SB239063, and PP1 also 
showed negative effects [5]. 

Other five effective inhibitors are those of JNK 
(SP600125), PI3K (Wortmannin and LY-294002), CKII 
(TBB) and CDK (Cdk1/2 inhibitor III). Titration ex- 
periments of these inhibitors demonstrated that they 
inhibited the proteolysis at the concentration around their 
IC50 [27]. Thus their potenti l targets could function in  a    
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Figure 1. cAMP-dependent proteolysis of GATA-6. The tc1-17a cells expressing GATA-6 were treated with 2 
mM dbcAMP and 1 µM of each kinase inhibitors for 24 h. Nuclear extract was prepared as described in 
Materials and Methods. GATA-6 was detected by western blotting with anti-GATA-6 antibodies [4]. Com- 
pounds exhibiting potent inhibition for GATA-6 degradation are sample No. 21, 31, 57, 73, 74, 75, 76. HSP90 
is not a protein kinase, but known as a modulator which complexes with many protein kinases [36]. 

 
the GATA-6 degradation pathway. We further demon- 
strated that JNK not only induces proteolysis of GATA-6 
by proteasomes but also stimulates export of GATA-6 
from nucleus to cytoplasm [28] 

GATA-6 is essential for developmental process of 
endoderm [29], and specific gene expression in dif- 
ferentiated cells [30,31]. However, little is known on 
signaling pathways governing complex regulation of 
gene expression. The inhibitors identified in the present 
study and the activators of their potential target kinases 

would give chances to clarify signal dependent pro- 
teolysis of GATA-6 and its physiological role(s) in cell 
type specific gene regulation. 

The positive effects of inhibitors for JNK, PI3K, CKII, 
and CDK suggest that these protein kinases could be 
functionally interacted. These kinases are known to be 
essential for stress responses such as ultraviolet, heat, 
and hypotonicity, cell cycle regulation, differentiation, 
growth and so on [22-26]. It is reported that JNK directly 
phosphorylates some transcri tion factors, and regulates p  
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Figure 2. Effective concentration of kinase inhibitors on cAMP-dependent proteolysis of 
GATA-6. The tc1-17a cells were treated with 2 mM dbcAMP and each concentration of 
kinase inhibitors for 24 h. GATA-6 was detected as described in the legend to Figure 1. 

 
stability of the target transcription factors through ubi- 
quitin-proteasome system [32,33]. Furthermore, DNA 
binding activities of Jun and c-Myc transcription factors 
are controlled via phosphorylation process by CKII [34, 
35]. Thus it would be of interest how these kinases 
communicate with the signaling pathway for cAMP- 
dependent proteolysis. These lines of experiments are 
now in progress and the results will be reported in near 
future. 
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