
Involvement of Intracellular Signaling Factors
in the Serum-Enhanced Ca21-Binding Protein
Regucalcin mRNA Expression in the Cloned
Rat Hepatoma Cells (H4-II-E)
Masayoshi Yamaguchi* and Michiko Nakajima

Laboratory of Endocrinology and Molecular Metabolism, Graduate School of Nutritional Sciences,
University of Shizuoka, Shizuoka City 422-8526, Japan

Abstract The involvement of signaling factors, which are related to serum component, on the regucalcin mRNA
expression in the cloned rat hepatoma cells (H4-II-E) was investigated. The change in regucalcin mRNA levels was
analyzed by Northern blotting using rat liver regucalcin complementary DNA (0.9 kb of open reading frame). H4-II-E
cells were cultured for 2 or 6 h in a medium containing various reagents in the presence of serum (10% fetal bovine
serum) after the subconfluent with 3-day-culture. The regucalcin mRNA expression was significantly increased by serum
addition. This increase was clearly inhibited by the presence of EGTA (1023 M), A23187 (1026 M), trifluoperazine (1025

M), staurosporine (1027 M), or genistein (1025 M) with 6-h-culture, although the b-actin mRNA expression was not
altered by the reagents. Meanwhile, the regucalcin mRNA expression was significantly stimulated by the addition of Bay
K 8644 (2.5 3 1026 M) in the presence of serum. This effect was also seen in the presence of genistein (1025 M). The
present study suggests that the regucalcin mRNA expression is mediated through signaling pathways which are partly
involved in Ca21-dependent protein kinases and tyrosine kinase in H4-II-E hepatoma cells. J. Cell. Biochem. 74:81–89,
1999. r 1999 Wiley-Liss, Inc.
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Calcium ion (Ca21) plays a role as an impor-
tant second messenger signal in a variety of
pathways to produce a Ca21-mediated physi-
ological responses in many cells [Cheung, 1980;
Williamson et al., 1981; Bygrave and Benedetti,
1993; Kraus-Friedman and Feng, 1996]. The
Ca21 signal is transmitted to an intracellular
response partly via a family of Ca21-binding
protein [Heizman, 1991]. A novel Ca21-binding
protein regucalcin has been proposed to play a
role as a regulatory protein of Ca21 signaling;
the protein has an inhibitory effect on Ca21/
calmodulin-dependent enzyme activation and
protein kinase C activation [Yamaguchi and

Tai, 1991; Yamaguchi and Mori, 1990; Katsu-
mata and Yamaguchi, 1998].

The regucalcin gene is localized on rat chro-
mosome Xq11.1-12 proximal end [Shimokawa
et al., 1995]. Regucalcin mRNA and its protein
are expressed in the liver and kidney cortex of
rats [Shimokawa and Yamaguchi, 1992;
Yamaguchi and Isogai, 1993], and the expres-
sions are stimulated by the administration of
calcium chloride to rats [Shimokawa and
Yamaguchi, 1992; Isogai and Yamaguchi, 1995].
Recently, it has been shown that calcium admin-
istration stimulates the binding of AP-1 factor
to the 58-flanking region of the rat gene for
regucalcin [Murata and Yamaguchi, 1998a,b].
Moreover, it has been demonstrated that the
58-flanking region of the rat regucalcin gene
ligated to the luciferase reporter gene possesses
promotor activity in H4-II-E hepatoma cells,
and that the existence of trans-acting factors
responsible for Ca21, cyclic AMP, phorbol ester,
and insulin responses of the rat regucalcin gene
[Murata and Yamaguchi, 1999]. Thus, the
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promoter characterization of the rat gene for
regucalcin which is related to transcriptional
regulation by various signaling factors is clari-
fied.

The present study was undertaken to deter-
mine the effect of serum components on the
regucalcin mRNA expression in the cloned H4-
II-E hepatoma cells. Serum contains various
hormones, growth factors, and cytokines which
may stimulate transcriptional activity in H4-
II-E cells. It is unknown, however, whether the
regucalcin mRNA expression is mediated
through the serum responsible intracellular fac-
tors related to signal transduction in H4-II-E
cells. We used various inhibitors of protein
kinases in this study. It was found that the
serum-stimulated regucalcin mRNA expres-
sion might be partly involved in Ca21/calmodu-
lin-dependent protein kinase, protein kinase C,
and tyrosine kinase.

MATERIALS AND METHODS
Chemicals

Deoxycytidine 58-[a-32P] triphoshate ([32P]
dCTP); 110 Tbq/mmol and nylon membranes
(Hybond N1) for Northern hybridization were
obtained from Amersham (Buckinghamshire,
England). A human b-actin gene fragment (0.43
kb) as an internal standard was obtained from
Wako Pure Chemical Co. (Osaka, Japan). Mo-
lecular-sized standard (0.24–9.5 kb RNA lad-
der) for electrophoresis of RNA was purchased
from Bethesda Research Laboratories (Gai-
thersburg, MD). Trifluoperazine dimalate (TFP),
staurosporine (SP), dibucaine, genistein, cyclo-
heximide, actinomycin D, ethyleneglycol-bis-
(aminoethylether) N, N, N8, N8-tetraacetic acid
(EGTA), and A23187 were obtained from Sigma
Chemical Co. (St. Louis, MO). S (2)-Bay K 8644
from Research Biochemicals International
(Natick, MA) was dissolved in dimethyl sulfox-
ide (DMSO) to a stock solution of 5 mM and
then diluted in medium to give the desired drug
concentration. Fetal bovine serum, a-minimum
essential medium (a-MEM), penicillin, and
streptomycine were obtained from Gibco-BRL
(Grand Island, NY). Other reagents were pur-
chased from Wako Pure Chemical Co. Any wa-
ter and solutions used for RNA preparation
were treated with chemical diethylpyrocarbon-
ate (DEPC, Sigma) to inhibit RNase activity.

Cell Culture

H4-II-E hepatoma cells (1 3 106) were main-
tained for 3 days in a-MEM supplemented with
5 mM glucose, 10% heat-inactivated fetal bo-
vine serum (FBS), 50 units/ml penicillin, and
50 µg/ml streptomycin in humidified 5% CO2/
95% air at 37°C to obtain confluent monolayers.
For experiments, after medium change the cells
were cultured for 2 or 6 h in a medium contain-
ing either vehicle (0.2% bovine serum albumin)
or 10% FBS in the absence or presence of vari-
ous drugs.

Isolation of RNA

Total RNAs from H4-II-E hepatoma cells were
prepared as described [Chomozynshi and Sac-
chi, 1987]. Hepatoma cells were homogenized
in buffer solution containing 4 M guanidinium
thiocyanate, 25 mM sodium citrate (pH 7), 0.5%
sarcosyl, 0.1 M 2-mercaptoethanol, and 2 M

Fig. 1. Effect of serum addition on the regucalcin mRNA
expression in H4-II-E hepatoma cells. The cells were cultured
for 2 or 6 h in a medium containing either vehicle (0.2% bovine
serum albumin) or serum (10% FBS) after the subconfluents with
3-day-culture. Total RNAs (20 µg) extracted from the cells were
subjected to the hybridizing analysis. b-Actin mRNA levels
were not appreciably altered by serum addition. The arrowhead
indicates hybridizing bands corresponding the mRNA encoding
regucalcin. Each bar represents densitometric data (% of control
obtained from 2-h-culture without serum; mean 6 S.E.M.) of
regucalcin mRNA levels for each of the time points with culture.
The figure shows one of four experiments with separate cell
culture. *P , 0.01 as compared with the value without serum
addition.
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sodium acetate. Total RNAs were extracted by
vigorous shaking in a mixture of phenol, chloro-
form, and isoamylalcohol, and phases were sepa-
rated by centrifugation at 10,000g for 20 min at
4°C. RNA located in the aqueous phase was
precipitated with isopropanol at 220°C. RNA
precipitates were pelleted by centrifugation,
and the pellets were redissolved in 50 µl of
DEPC-treated 0.5% sodiumdodecyl sulfate
(SDS).

Northern Blotting

Twenty micrograms of total RNAs extracted
from hepatoma cells was electrophoresed in
1.2% agarose denaturing gels containing 2.2 M
formaldehyde in MOPS buffer (pH 7, contain-
ing 20 mM 3-N-morpholinopropanesulfonic acid,
5 mM sodium acetate, and 1 mM EDTA) with 3

V/cm3 for 3 h [Sambrook et al., 1989]. The
electrophoresed gels were transferred to nylon
membranes by blotting [Shimokawa and
Yamaguchi, 1992]. A part of regucalcin cDNA
(the 0.6-kb, KpnI-PstI insert) was labeled with
[32P]dCTP by random primers with the DNA
polymerase Klenow fragment. This radioactive
probe was used for hybridization detection of
RNAs on blots. The membranes were prehybrid-
ized and hybridized in buffer solution contain-
ing 50% formamide, 5 3 SSPE (1 3 SSPE; 1.15
M NaCl, 10 mM NaH2PO4, 1 mM EDTA), 5 3
Denhardt’s reagent; 0.02% w/v each of bovine
serum albumin [BSA], Ficoll and polyvinylpyr-
rolidine) and 0.5% SDS with 32P-labeled regucal-
cin cDNA in a sealed plastic bag at 42°C for
16 h. After hybridization, the membranes were
washed as follows: 2 3 SSPE and 0.1% SDS at

Fig. 2. Effect of cycloheximide or actinomycin D on the regu-
calcin mRNA expression in H4-II-E hepatoma cells. The cells
were cultured for 6 h in a medium containing either vehicle
(0.2% bovine serum albumin) or serum (10% FBS) in the
absence or presence of cycloheximide (1026 M) or actinomycin
D (1027 M) after the subconfluents with 3-day-culture. Total
RNAs (20 µg) extracted from the cells were subjected to the

hybridizing analysis. b-Actin mRNA levels were not apprecia-
bly altered by the addition of cycloheximide or actinomycin D.
The arrowhead indicates hybrizing bands corresponding to
mRNA encoding regucalcin. Each bar represents densitometric
data (% of control; mean 6 S.E.M.) for regucalcin mRNA levels.
The figure shows one of four experiments with separate cell
culture. *P , 0.01 as compared with the control value.
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42°C (twice, each for 15 min), followed by 0.1 3
SSPE and 0.1% SDS at room temperature
(twice, each for 15 min), and then the mem-
branes were usually exposed to X-ray film for
48 h.

The quantity and integrity of mRNA were
monitored by rehybridizing with a radioactive
cDNA probe from human b-actin gene fragment
under identical conditions. No noticeable change
in the level of RNA hybridized with the b-actin
probe was observed throughout the present ex-
periments. The size of the hybridizing RNA was
determined by running the standard RNA mol-
ecules of known sizes in parallel. The density of
the autoradiographic data was quantified by
densitometer scanning (Dual-wavelength Fly-
ing-spot Scanner, CS-9000, Shimadzu Co., Ja-
pan).

Statistical Methods

The significance of the difference between the
values was estimated by Student’s t-test or by

analysis of variance (ANOVA) for comparing
multiple groups. P-values of ,0.05 were consid-
ered to indicate a statistically significant differ-
ence.

RESULTS

The involvement of signaling factors which
are related to serum component in the expres-
sion of the regucalcin mRNA in H4-II-E hepa-
toma cells was examined. When the cells were
cultured for 2 or 6 h in a medium containing
either vehicle or serum (10% FBS) after the
subconfluents with 3-day-culture, the regucal-
cin mRNA levels were significantly increased
by the addition of serum (Fig. 1). In the cell
extracts, two distinct mRNA isoforms of 1.8 and
1.6 kb, which are though to be generated by
alternative splicing of common RNA precursor
molecules [Shimokawa and Yamaguchi, 1992],
were seen. Meanwhile, the b-actin mRNA lev-
els were markedly expressed in H4-II-E cells,

Fig. 3. Effect of EGTA or A23187 on the regucalcin mRNA
expression in H4-II-E hepatoma cells. The cells were cultured
for 2 or 6 h in a medium containing either vehicle, EGTA (0.5 or
1.0 mM), A23187 (1026 M) or EGTA (1.0 mM) plus A23187
(1026 M) in the presence of serum (10% FBS) after the subcon-
fluents with 3-day-culture. Total RNAs (20 µg) extracted from
the cells were subjected to the hybridizing analysis. b-Actin

mRNA levels were not appreciably altered by EGTA or A23187
addition. The arrowhead indicates hybridizing bands corre-
sponding to mRNA encoding regucalcin. Each bar represents
densitometric data (% of control; mean 6 S.E.M.) for regucalcin
mRNA levels. The figure shows one of four experiments with
separate cell culture. *P , 0.01 as compared with the control
value.
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and the levels were not appreciably altered by
serum addition.

The effect of cycloheximide or actinomycin D
on the regucalcin mRNA expression in H4-II-E
hepatoma cells is shown in Figure 2. The cells
were cultured for 6 h in a medium containing
either vehicle or serum (10% FBS) in the ab-
sence or presence of cycloheximide (1026 M) or
actinomycin D (1027 M) after the subconfluents
with 3-day-culture. In the absence of serum,
the regucalcin mRNA levels were significantly
decreased by the addition of cycloheximide or
actinomycin D. Such an effect, however, was
not seen in the presence of serum. Meanwhile,
the b-actin mRNA levels were not appreciably
altered by the addition of cycloheximide or acti-
nomycin D. Thus, serum addition had a potent
effect.

The effect of EGTA or A23187 on the regucal-
cin mRNA expression in H4-II-E hepatoma cells
is shown in Figure 3. The cells were cultured for
2 or 6 h in a medium containing either vehicle,
EGTA (0.5 or 1.0 mM), A23817 (1026 M), or
EGTA (1.0 mM) plus A23187 (1026 M) in the

presence of serum (10% FBS) after the subcon-
fluents with 3-day-culture. In the culture of 2 h,
the regucalcin mRNA levels were significantly
decreased by the addition of EGTA (1.0 mM) or
EGTA (1.0 mM) plus A23187 (1026 M), while
EGTA (0.5 mM) or A23187 (1026 M) alone had
no effect. However, the culture of 6 h caused a
significant decrease in the regucalcin mRNA
levels in the presence of EGTA(0.5 and 1.0 mM),
A23187 (1026 M) or EGTA(1.0 mM) plusA23187
(1026 M). This significant decrease was also
recognized when the data was normalized
against b-actin mRNA values (data not shown).

The effect of various protein kinase inhibitors
on the regucalcin mRNA expression in H4-II-E
hepatoma cells is shown in Figure 4. The cells
were cultured for 2 and 6 h in a medium contain-
ing either vehicle, trifluoperazine (TFP; 1025

M), staurosporin (SP; 1027 M), dibucaine (1024

M), or genistein (1025 M) after the subconfluent
with 3-day-culture. In the culture of 2 h, the
regucalcin mRNA levels were significantly de-
creased by the addition of TFP, SP, or dibu-
caine, while genistein had no effect. The 6-h-

Fig. 4. Effect of various inhibitors for signal transduction on the
regucalcin mRNA expression in H4-II-E hepatoma cells. The
cells were cultured for 2 or 6 h in a medium containing either
vehicle, trifluoperazine (TFP; 1025 M), staurosporine (1027 M),
dibucaine (1024 M), or genistein (1025 M) in the presence of
serum (10% FBS) after the subconfluents with 3-day-culture.
Total RNAs (20 µg) extracted from the cells were subjected to

the hybridizing analysis. b-Actin mRNA levels were not appre-
ciably altered by inhibitor addition. The arrowhead indicates
hybridizing bands corresponding to mRNA encoding regucal-
cin. Each bar represents densitometric data (% of control;
mean 6 S.E.M.) for regucalcin mRNA levels. The figure shows
one of four experiments with separate cell culture. *P , 0.01 as
compared with the control value.
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culture with genistein, however, caused a
significant decrease in the regucalcin mRNA
levels. Also, TFP and SP had a significant effect
on the mRNA levels in the culture of 6 h. Mean-
while, the b-actin mRNA expression was not
appreciably altered by the addition of various
protein kinase inhibitors.

The effect of increasing concentrations of
genistein on the regucalcin mRNA expression
in H4-II-E hepatoma cells is shown in Figure 5.
The cells were cultured for 6 h in a medium
containing either vehicle or genistein (1027 to
1025 M) after the subconfluent of 3-day-culture.
The regucalcin mRNA levels were significantly
decreased by the presence of genistein (1026

and 1025 M). The concentration of 1027 M had
no effect. The b-actin mRNA levels were not
appreciably altered by genistein addition.

The effect of Bay K 8644, a Ca21-channel
agonist, on the regucalcin mRNA expression in

H4-II-E hepatoma cells is shown in Figure 6.
The cells were cultured for 2 or 6 h in a medium
containing either vehicle, genistein (1025 M),
Bay K 8644 (2.5 3 1026 M) or genistein (1025 M)
plus Bay K 8644 (2.5 3 1026 M) after the subcon-
fluent with 3-day-culture. The culture with Bay
K 8644 for 2 and 6 h caused a significant in-
crease in the regucalcin mRNA levels. The ef-
fect of Bay K 8644 in increasing the regucalcin
mRNA levels was also seen in the presence of
genistein, although genistein had a suppres-
sive effect on the mRNA levels. Meanwhile, the
b-actin mRNA expression was not appreciably
altered by the addition of Bay K 8644 plus
genistein.

DISCUSSION

A Ca21-binding protein regucalcin is mainly
present in the cytoplasm of liver cells [Yamagu-
chi and Isogai, 1993]. The promoter character-

Fig. 5. Effect of genistein on the regucalcin mRNA expression
in H4-II-E hepatoma cells. The cells were cultured for 6 h in a
medium containing either vehicle or genistein (1027 to 1025 M)
in the presence of serum (10% FBS) after the subconfluents with
3-day-culture. Total RNAs (20 µg) extracted from the cells were
subjected to the hybridizing analysis. b-Actin mRNA levels

were not appreciably hybridizing bands corresponding to mRNA
encoding regucalcin. Each bar represents densitometric data (%
of control; mean 6 S.E.M.) for regucalcin mRNA levels. The
figure shows one of four experiments with separate cell culture.
*P , 0.01 as conpared with the control value.
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ization of the rat gene for regucalcin which is
related to transcriptional regulation by signal-
ing factors has been clarified [Murata and
Yamaguchi, 1999]. The intracellular signaling
factors in stimulating the regucalcin mRNA
expression in liver cells, however, remains to be
elucidated. The present study was undertaken
to clarify an involvement of the intracellular
signaling factors which induces the stimulatory
effect with serum components on regucalcin
mRNA expression in the cloned H4-II-E hepa-
toma cells.

The regucalcin mRNA expression in H4-II-E
hepatoma cells was significantly stimulated by
culture with serum addition. This stimulation
was also seen in the presence of cycloheximide,
an inhibitor of protein synthesis, or actinomy-
cin D, an inhibitor of transcriptional activity,

althrough these inhibitors with the same con-
centrations caused a remarkable decrease in
regucalcin mRNA expression in H4-II-E hepa-
toma cells without serum addition. This result
may indicate that higher concentration is re-
quired to reveal inhibitor’s effect in decreasing
transcriptional activity in the presence of se-
rum. Serum stimulation affecting the regucal-
cin mRNA expression may be potent. Presum-
ably, the regucalcin mRNA expression may be
partly mediated through a newly synthesized
protein component in the cells.

The persence of EGTA, a chelator of Ca21, or
A23187, an ionophore of Ca21, in the culture
medium containing serum, caused a significant
decrease in the regucalcin mRNA expression in
H4-II-E hepatoma cells. In the presence of
EGTA, the regucalcin mRNA expression was

Fig. 6. Effect of Bay K 8644, a Ca21-channel agonist, on the
regucalcin mRNA expression in the presence of genistein in
H4-II-E hepatoma cells. The cells were cultured for 2 or 6 h in a
medium containing either vehicle, genistein (1025 M), Bay K
8644 (2.5 3 1026 M), or Bay K 8644 (2.5 3 1026 M) plus
genistein (1025 M) in the presence of serum (10% FBS) after the
subconfluents with 3-day-culture. Total RNAs (20 µg) extracted
from the cell were subjected to the hybridizing analysis. b-Actin

mRNA levels were not appreciably altered by Bay K 8644 and
genistein. The arrowhead indicates hybridizing bands corre-
sponding to mRNA encoding regucalcin. Each bar represents
densitometric data (% of control; mean 6 S.E.M.) for regucalcin
mRNA levels. The figure shows one of four experiments with
separate cell culture. *P , 0.01 as compared with the control
value.
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not further suppressed by the addition of
A23187. The effect of EGTA on the regucalcin
mRNA expression may be based on the chelat-
ing of Ca21. A23187 may stimulate the release
of Ca21 from the cells. Presumably, the serum-
stimulated regucalcin mRNA expression is
partly mediated through Ca21 signaling. Mean-
while, Bay K 8644, a Ca21-channel agonist,
stimulated the regucalcin mRNA expression in
the hepatoma cells, supporting the view that
the expression is partly related to Ca21 signal-
ing.

Trifluoperazine and dibucaine are antago-
nists of Ca21/calmodulin-dependent protein ki-
nase [Vincenzi, 1982]. Staurosporin is an inhibi-
tor of protein kinase C [Tamaoki et al., 1986].
Genistein is an inhibitor of thyrosine kinase
[Lin et al., 1994]. These inhibitors had a sup-
pressive effect on the serum-stimulated regucal-
cin mRNAexpression in H4-II-E hepatoma cells.
The serum effect may be mediated through a
signaling process which is related to Ca21/
calmodulin-dependent protein kinase and pro-
tein kinase C in H4-II-E hepatoma cells. More-
over, the regucalcin mRNA expression may be
stimulated by signaling mechanism which is
mediated through tyrosine kinases. Insulin has
been shown to stimulate the regucalcin mRNA
expression in the cloned hepatoma cells [Murata
et al., 1997].

The effect of genistein in decreasing the regu-
calcin mRNA expression in H4-II-E hepatoma
cells disappeared in the presence of Bay K
8644, a Ca21-channel agonist, in a medium
containing serum. This finding suggests that
the regucalcin mRNA expression is stimulated
through the mechanism of Ca21 action indepen-
dent on the signaling process of tyrosine ki-
nase. Presumably, the regucalcin mRNAexpres-
sion is mediated through the signaling
mechanism of the process of both Ca21-depen-
dent protein kinase and tyrosine kinase in H4-
II-E hepatoma cells. More recently, it has been
shown that Ca21 treatment stimulates the rat
regucalcin gene expression through cis-acting
elements in the 58-flanking sequence of the
gene, and that the existence of liver nuclear
protein components which bind to the regucal-
cin gene is identified [Murata and Yamaguchi,
1998a,b]. It may be possible that this nuclear
protein components which can bind to the 58-
flanking region of the regucalcin gene are phos-

phorylated by Ca21 signaling-dependent pro-
tein kinases and/or tyrosine kinase.

In conclusion, it has been demonstrated that
the regucalcin mRNA expression is mediated
through a signaling pathway which is related
to Ca21-dependent protein kinases and/or tyro-
sine kinase in H4-II-E hepatoma cells.
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