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Abstract Regucalcin was discovered in 1978 as a cal-
cium-binding protein that does not contain EF-hand motif
of calcium-binding domain (Yamaguchi and Yamamoto
Chem Pharm Bull 26:1915-1918, 1978). The name regu-
calcin was proposed for this calcium-binding protein,
which can regulate various Ca®"-dependent enzyme acti-
vations in liver cells. The regucalcin gene is localized on
the chromosome X, and the organization of the regucalcin
gene consists of seven exons and six introns. AP-1, NF1-
A1, and RGPR-p117 bind to the promoter region of the rat
regucalcin gene and enhance transcription activity of reg-
ucalcin gene expression that is mediated through calcium
signaling. Regucalcin plays a pivotal role in the keep of
intracellular calcium ion (Ca2+) homeostasis due to acti-
vating Ca’" pump enzymes in the plasma membrane
(basolateral membrane), microsomes (endoplasmic reticu-
lum), mitochondria, and nuclei of many cell types. Regu-
calcin has a suppressive effect on calcium signaling from
the cytoplasm to the nucleus in the proliferative cells.
Regucalcin has also been demonstrated to transport to the
nucleus, and it can inhibit Ca®"-dependent protein kinase
and protein phosphatase activities, Ca®-activated deoxy-
ribonucleic acid (DNA) fragmentation, and DNA and
ribonucleic acid (RNA) synthesis in the nucleus. Overex-
pression of regucalcin suppresses cell death and apoptosis
in the cloned rat hepatoma cells induced by various sig-
naling factors. Regucalcin can inhibit the enhancement of
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cell proliferation due to hormonal stimulation. Regucalcin
plays an important role as a regulatory protein in cell sig-
naling system, and it is proposed to play a pivotal role in
keep of cell homeostasis and function.
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Introduction

Calcium ion (Ca®") plays an important role in the regula-
tion of many cell functions. Ca®" can regulate muscle
contraction, neurotransmission, hormone secretion, cell
mitosis, and gene expression. A role as second messengers
of Ca*" in cells for hormonal stimulation comes into
notice. Calcium signal is transmitted to intracellular
responses, which are mediated through a family of cal-
cium-binding protein and protein kinase C [1, 2]. Liver
metabolism is regulated by an increase in Ca*" in the
cytoplasm of liver cells due to hormonal stimulation [3-5].
The effect of Ca®" is amplified through calmodulin and
protein kinase C [1-5]. Calcium signaling is important in
the regulation of liver metabolism.

Liver has been shown to participate in the regulation of
calcium metabolism through hepatic bile system in rats,
and bile calcium excretion is increased by hormonal
stimulation [5, 6]. On the basis of this finding, it was found
that a novel calcium-binding protein, which differs from
calmodulin and other calcium-related proteins, was present
in the hepatic cytoplasm of rats [7-9]. The name regucalcin
was proposed for this calcium-binding protein, which
regulates various Ca’"- or Ca®"/calmodulin-dependent
enzyme activations in liver cells [10-15].
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Regucalcin and its gene (RGN) are identified in over 15
species consisting of regucalcin family [16-21]. Compar-
ison of the nucleotide sequences of regucalcin from ver-
tebrate species is highly conserved in their coding region
with throughout evolution. The regucalcin gene is localized
on the chromosome X, and the organization of the regu-
calcin gene consists of seven exons and six introns [21-23].

AP-1, NF1-Al, and RGPR-p117, which is a transcrip-
tion factor, bind to the promoter region of the regucalcin
gene and enhance transcription activity of regucalcin gene
expression that is mediated through calcium and other
signallings [21]. Regucalcin mRNA expression and its
protein content are pronounced in the liver and kidney
cortex of rats, although it is present only slightly in other
tissues (including the duodenum, testis, spleen, lung,
smooth muscle, heart, and brain) [17, 24-29]. The role of
regucalcin is investigated in the liver and kidney cells in
detail [reviewed in Ref. 30-34]. After finding of regucal-
cin, the identical protein to regucalcin was also reported as
senesence marker protein-30 (SMP30) [35, 36].

There are growing evidences that regucalcin plays an
important role as a regulatory protein for calcium signaling
from the cytoplasm to the nuclei in liver cells [37]. Over-
expression of regucalcin has been demonstrated to inhibit
cell apoptosis and cell proliferation induced by various
signaling factors. This review has been written to outline
the recent advances that have been made concerning the
role of regucalcin as a regulatory protein in cell signaling
in liver, kidney, and other tissues: its role in regulation of
intracellular Ca>* homeostasis, inhibition of Ca”-depen-
dent enzyme activations, regulation of nuclear calcium
signaling, and inhibitory effects in cell apoptosis and cell
proliferation induced by various signaling factors.

Properties of calcium-binding in regucalcin

The molecular weight of rat regucalcin is estimated as
33,388 Da, composing of 299 amino acid residues from the
cloning of rat regucalcin cDNA [16]. The regucalcin
molecule does not contain the EF-hand motif as a calcium-
binding domain [16]. The isoelectric point of regucalcin is
5.20 [16].

From the experimental data by Scatchard plot, the
apparent association constant (Kf) for calcium ion (Ca2+)
of regucalcin is found to be 4.19 x 10° M~' by equilib-
rium dialysis with a correlation coefficient of 0.99, and
there are 6.52 high-affinity sites per molecule of protein
[7-9]. Regucalcin appears to have six or seven high-affinity
binding sites for Ca’" per molecule of protein [8].
Extrapolation of the regression line to infinite Ca*" con-
centration indicated a maximal Ca®'-binding of
2.28 x 107* mol of Ca** per gram of protein. It is known
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that calmodulin exists as a monomer with a molecular
weight of 17,000 and contains four Ca”-binding sites [1].

The conformational changes induced by binding of Ca*"
to regucalcin have been investigated by means of the
ultraviolet (UV) absorption spectrum [9]. UV of regucalcin
showed a maximum at 278 nm in the range from 240 to
330 nm. In the presence of Ca®" (0.1 and 1.0 mM), a
decrease in absorption at 278 nm was observed [9]. Such a
negative UV difference is similar to the Ca®'-induced
absorption changes in calmodulin. The spectrum can be
attributed to charges in both tyrosine and tryptophan resi-
dues. Changes in the environment of both aromatic amino
acids occur upon Ca**-binding [9].

Fluorescence spectroscopy is used to study the effect of
Ca”*" on the conformation of regucalcin [9]. The spectral
emission was quenched after the addition of 1.0 mM Ca**.
Known fluorescence emission properties of isolated tyro-
sine and tryptophan residues suggest, as indicated above,
that changes in the environment of these two aromatic
amino acids occur upon Ca*"-binding. These observations
demonstrate that Ca®'-binding induces conformational
changes in regucalcin. These changes may result in
increasing the hydrophobicity of regucalcin [9, 16].

The conformation of the polypeptide backbone of reg-
ucalcin has been studied by circular dichroism (CD)
spectroscopy [9]. The presence of 1.0 mM Ca®" caused
clear alterations in the CD spectrum. The apparent o-heli-
cal content of regucalcin in Ca*"-free buffer was estimated
to be 34%, and the presence of 1.0 mM Ca®" decreased
this by 4.5%. Thus, conformational changes are induced by
Ca”* binding to regucalcin. This binding also loosens the
conformation of regucalcin. The apparent a-helical content
of calmodulin is 30%, and it is increased after Ca’t
binding and its conformation is tightened [9, 16]. The
increase in hydrophobicity after Ca*" binding represents
the mechanism that calmodulin activates its target proteins.
However, regucalcin reverses the activation of many
enzymes by Ca”"/calmodulin. The role of regucalcin may
be different from that of calmodulin in cells.

Regucalcin differs entirely from other calcium-binding
proteins of the EF-hand type: calmodulin, calcineurin,
parvalbumin, S-100a, S-100b proteins, caligulin, calregulin,
calbindin, calreticulin, and annexins. This is supported
from the results of the molecular cloning and sequencing of
the cDNA coding for a regucalcin from various mamma-
lian livers [16, 20]. The nucleotide and amino acid
sequences of regucalcin does not have statistically signifi-
cant homology, as compared with the registered sequences
which are found in the EMBL and GenBank detabases
(D14327 and D86217) [16].

The hydropathy profile of regucalcin shows that there is
a hydrophobic sequence in both N-terminal and C-terminal
regions of the regucalcin molecules [16]. Regucalcin shows
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a hydrophilic character as molecule [16, 20]. The most
common EF-hand is composed of the helix-loop-helix-
domain. The prototype loop consists of 12 amino acids, of
which five have a carboxyl (or a hydroxyl group) in their
side chain, precisely spaced so as to coordinate the Ca*".
Analysis of the structure of the EF-hand from the regu-
calcin sequence did not give the expected pattern of amino
acids conforming to the typical EF-hand structure of a
calcium-binding site.

Amino acid analysis shows that regucalcin has a rela-
tively high content of glycine and much lower amounts of
glutamic acid, valine, aspartic acid, and lysine [16, 20].
Regucalcin contains about 20% (mol%) glutamic and
aspartic acids and about 17% amide residues (lysine, his-
tidine, and arginine) and thus a high proportion of charged
residues: regucalcin molecule contains aspartic acid (24
residues) and glutamic acid (16 residues) [16]. Acidic
amino acids comprise approximately one-fifth of the reg-
ucalcin molecule, a prevalence that appears to be charac-
teristic of the composition of all Ca®"-binding proteins.
The significance of the high di-carboxylic acid content is
that it permits binding of Ca®>" to protein. These amino
acids may be related to Ca*" binding.

The result of crystal structure with X-ray diffraction data
shows that regucalcin contains the metal site bound with
either a Ca>™ or a Zn*" atom, suggesting that the Ca®"-
bound form may be physiologically relevant for stressed
cells with an elevated Ca*" level [38]. This supports our
finding for regucalcin as a calcium-binding protein.

Regulation of regucalcin gene expression

The rat regucalcin gene is localized on the proximal end of
the rat chromosome Xql1.1-12 [22], and the gene is dem-
onstrated in human, mouse, cow, monkey, dog, rabbit, and
chicken but not in yeast [17]. The amino acid sequence of
mouse regucalcin had 94% homology as compared with
that of rat regucalcin [20]. Regucalcin may be a protein that
is highly differentiated. The organization of the rat regu-
calcin gene seems to be about 18 kb in size, and consisted
of seven exons and six introns [39]. There are many reg-
ulatory elements (AP-1, NF1-Al, RGPR-p117, f-catenin,
and NF-xB) in the 5'-flanking region [21, 40-48]. The
promoter activity of the rat regucalcin gene is enhanced by
treatment with Bay K 8644, dibutyryl cyclic AMP, phorbol
esters, insulin, and dexamethasone [42]. Using gel mobility
shift assays, it is found that nuclear proteins from rat liver
cells and rat hepatoma H4-II-E cells specifically bind to the
5'-flanking region of the rat regucalcin gene [40-42].
Treatment with Bay K 8644, dibutyryl cyclic AMP, phor-
bol esters, and insulin stimulates the binding of nuclear

factors to the 5'-flanking region of the rat regucalcin gene
in H4-II-E cells. These factor-inducible nuclear proteins
are related to enhance promoter activity of the regucalcin
gene [42].

Regucalcin mRNA expression has been demonstrated to
mediate through signaling pathway of Ca”**/calmodulin-
dependent protein kinase, protein kinase C, and tyrosine
kinase in the cells [49-51]. AP-1 factor binds to the 5'-
flanking region of the rat regucalcin gene that is mediated
through the Ca®" response [41]. AP-1 factor is complex of
c-fos/c-jun that is phosphorylated by protein kinases [52,
53]. Calcium signaling system is an important pathway in
the stimulation of regucalcin mRNA expression.

Regucalcin mRNA is mainly present in liver and renal
cortex with a size of 1.8 kb [24]. The expression of regu-
calcin mRNA in the liver and renal cortex is clearly
stimulated through an increase in the cellular Ca** levels
following an oral administration of calcium chloride in rats
in vivo [54-56]. Hepatic regucalcin mRNA expression is
increased with fetal development and its expression is
stimulated after the intake of dietary calcium to maternal
rats in vivo [57]. Liver regucalcin concentration
is increased after an oral administration of calcium in rats
[55].

Hepatic regucalcin mRNA expression is also stimulated
after a single subcutaneous administration of calcitonin
[58], insulin [59], and estrogen [60], suggesting that the
expression of regucalcin mRNA is enhanced through
various hormonal stimulation. Regucalcin mRNA expres-
sion is increased in regenerating rat liver, suggesting
its role in the proliferation of liver cells [61]. Aging
has been shown to decrease liver regucalcin mRNA
expression [62].

Rat regucalcin immunoreactivity is most pronounced in
the liver of rats; it is not seen in the duodenum, testicle,
spleen, lung, and smooth muscle (bladder) and is barely
visible in the kidney, heart, and brain [25, 26]. Regucalcin
is primarily located in the rat liver. Thus, the tissue specific
distribution of regucalcin is demonstrated by northern
blotting analysis or enzyme immunoassay.

Role of regucalcin in intracellular Ca** homeostasis

Intracellular Ca** homeostasis is regulated through plasma
membrane  (Ca®*—Mg”*)-adenosine  5'-triphosphatease
(ATPase), microsomal Ca’"-ATPase, mitochondrial Ca**
uptake, and nuclear Ca" transport in the cells. Regucalcin
has been demonstrated to regulate Ca®"-transporting sys-
tems in the liver, renal cortex cells, heart, and brain tissues,
suggesting its role in the regulation of intracellular Ca**
homeostasis.

@ Springer



104

Mol Cell Biochem (2011) 353:101-137

Role of regucalcin in Ca** homeostasis in liver cell

The high-affinity (Ca>"™—Mg”")-ATPase is located on the
plasma membranes of liver cells [63, 64]. This enzyme acts
as a Ca®" pump to exclude the metal ion from the cyto-
plasm of liver cells. Addition of regucalcin into the reac-
tion mixture in vitro caused an increase in (Ca**—Mg>")-
ATPase activity in the plasma membranes isolated from rat
liver, suggesting a role in the regulation of Ca®*" pump
activity [65]. Regucalcin directly activates (Ca*"—Mg>™)-
ATPase independently of Ca**-stimulated phosphorylation
of the enzyme [65—67], and it has been shown to stimulate
ATP-dependent calcium transport across the plasma
membrane vesicles of rat liver after addition of **Ca*" into
the reaction mixture in vitro [68]. Regucalcin-enhanced
ATP-dependent **Ca’" uptake in the plasma membrane
vesicles is completely inhibited in the presence of N-eth-
ylmaleimide or digitonin [67]. Regucalcin has been shown
to bind the lipid components of liver plasma membrane,
and it acts on the sulfhydryl (SH) groups that are an active
site of (Ca’™—Mg>")-ATPase [67]. The mechanism of
regucalcin in activating (Ca>™—Mg>")-ATPase may be not
involved on GTP-binding protein that modulates the
receptor-mediated hormonal effect (including calcitonin,
epinephrine, phenylephrine, and insulin) in liver plasma
membranes [69].

The effect of hormonal signaling factors (inositol-gly-
can, dibutyryl cyclic AMP, and inositol 1,4,5-trisphos-
phate) on the regucalcin-increased (Ca®"-Mg”")-ATPase
activity in rat liver plasma membranes is examined [70].
Inositol-glycan, which is generated by insulin [70], can
directly activate the plasma membrane (Ca*"™-Mg>™)-
ATPase, and its effect is modulated by regucalcin. Cross
talk with signaling factors may be seen in the regulation
of Ca®" pump activity in the plasma membranes of liver
cells.

The physiological role of regucalcin in the regulation of
(Ca>"-Mg*")-ATPase activity in liver plasma membranes
is examined after an oral administration of calcium chlo-
ride solution in rats [71]. Calcium administration caused an
increase in (Ca>™—Mg>")-ATPase activity in liver plasma
membranes [71]. This increase was abolished in the pres-
ence of anti-regucalcin antibody, suggesting an involve-
ment of endogenous regucalcin that is distributed in the
cytoplasm. Regenerating rat liver with a proliferative cells
significantly increased liver calcium content and plasma
membrane (Ca>"—Mg>")-ATPase activity between 12 and
48 h after partial hepatectomy [72]. This increase was
completely abolished in the presence of anti-regucalcin
antibody, indicating an involvement of endogenous regu-
calcin [72]. Activatory effect of regucalcin on hepatic
plasma membrane (Ca®"-Mg>")-ATPase was impaired in
liver injury with carbon tetrachloride administration in rats
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[73]. Regucalcin plays a role as an activator protein for
Ca”" pump enzyme in the hepatic plasma membranes.

Regucalcin binds Ca** in the cytoplasm of liver cells,
and the metal is subsequently transported into the organelle
dependent on ATP [74]. Regucalcin may not tightly bind
cytosolic Ca®" of lower levels, since its calcium-binding
constant is 4.19 x 10° M~" [8]. Regucalcin may regulate
cytoplasmic Ca*" levels by activating Ca*" pump enzyme
in the plasma membranes of liver cells.

Regucalcin can stimulate the uptake of Ca®" by rat liver
mitochondria [75, 76]. The effect of regucalcin on mito-
chondrial Ca®" uptake is inhibited in the presence of
ruthenium red or lanthanum chloride [75], which is an
inhibitor of mitochondrial Ca®* transport. Regucalcin may
have a role in the reduction of cytoplasmic Ca®" levels due
to activating mitochondrial Ca®" uptake.

Regucalcin has also been demonstrated to activate Ca®*
pump enzymes (Ca’"-ATPase) and to stimulate ATP-
dependent **Ca®" uptake by liver microsomes [77, 78],
suggesting a role in the regulation of cytoplasmic Ca**
levels. The effect of regucalcin in increasing Ca**T-ATPase
activity in the microsomes is inhibited in the presence of
thapsigargin, a specific inhibitor of microsomal Ca®>" pump
enzyme. Regucalcin acts on the SH groups of microsomal
Ca*"-ATPase due to the binding on the membranous lipids
[78].

The components of Ca*" uptake (Ca’"-ATPase) and
Ca®" release (Ca2+-channels) are located at separate sites
on liver microsomes. Interestingly, regucalcin has been
found to stimulate Ca®" release from rat liver microsomes
[79]. The mechanism is related to the inositol 1,4,5-tri-
phosphate (IP3)-induced Ca”" release [80]. Regucalcin
may bind to IP3 receptors on the microsomes. This cell
physiological significance of regucalcin is unknown. Pre-
sumably, regucalcin stimulates microsomal Ca®" uptake
when cytosolic Ca** concentration is raised. Also, regu-
calcin regulates Ca”" storage in the endoplasmic reticulum
of liver cells: it stimulates Ca®" release from the micro-
somes to restore the microsomal calcium accumulation to
regulate Ca®"-related microsomal functions. Regucalcin
has been shown to have the reversible effect on liver
microsomal glucose-6-phosphatase activity increased by
Ca** addition [11].

The existence of an ATP-stimulated Ca*"-sequestration
system is also found in liver nuclei, and it generates a net
increase in nuclear matrix free Ca>" concentration [81].
This system may play an important role in the regulation of
intranuclear Ca®'-dependent processes [82]. ATPase,
which is stimulated by Ca®" in the presence of Mg>",
exists in the nuclei of rat liver, and the Ca®*-stimulated
ATPase activity is involved in the nuclear Ca*" uptake
[83]. Regucalcin increases Ca’*-ATPase activity in rat
liver nuclei [84]. Regucalcin has also been shown to
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stimulate Ca>" release from liver nuclei [85]. Presumably,
regucalcin has a role in the regulation of liver nuclear
function through the effect on Ca®" transporting system in
the nuclei.

Regucalcin (SMP30) has been shown to lower intra-
cellular Ca*" levels by modulating plasma membrane
Ca*"-pumping activity in the cloned human hepatoma
HepG2 cells that overexpress regucalcin [86].

Role of regucalcin in Ca*" homeostasis in kidney cells

Regucalcin is largely present in the kidney cortex of rats
[26]. Kidney plays a physiological role in the regulation of
calcium homeostasis in blood through re-absorption of
urinary calcium [87, 88]. Renal cortex cells play a role in
the re-absorption of urinary calcium.

Regucalcin mRNA is expressed in the kidney cortex but
not in the medulla of rats [56], and its expression is stimu-
lated after calcium administration in vivo [56]. The binding
of kidney nuclear proteins to the 5'-flanking region of the rat
gene for regucalcin has been shown to be enhanced through
Ca”*/calmodulin signaling [89, 90]. Regucalcin mRNA
expression is stimulated after the administration of dexa-
methasone in rats [91], and its expression is suppressed in
hypertensive state in rats [92—-94]. The specific nuclear factor
binds to the NF1-like sequence in the promoter region of
regucalcin gene in the kidney cortex of rats [90], and the
nuclear factor binding and regucalcin mRNA expression are
suppressed after administration of cisplatin that induces
kidney damage [90, 95].

Ca’*-ATPase system has been shown to exceed the
capacity of the Na™/Ca?" exchanger, and it plays a primary
role in Ca>* homeostasis of rat kidney cortex cells [96, 97].
Regucalcin has been demonstrated to play a role as an
activator of the ATP-dependent Ca>" pumps in the baso-
lateral membranes isolated from rat kidney cortex [98].
The effect of regucalcin in increasing Ca®" pump enzyme
(Ca2+—ATPase) activity in the basolateral membranes is
completely inhibited in the presence of N-ethylmaleimide,
indicating that regucalcin may act on the SH groups of
Ca>"-ATPase [98].

Regucalcin has also been shown to increase Ca’'-
ATPase activity and ATP-dependent calcium uptake in the
microsomes of rat kidney cortex [99]. These increases are
clearly decreased in the presence of N-ethylmaleimide,
suggesting that regucalcin acts on the SH groups of
Ca’"-ATPase in the microsomes [97].

The finding, that regucalcin increases Ca®"-ATPase
activity in the basolateral membranes and microsomes of
rat renal cortex, suggests a physiological role of regucalcin
in the regulation of the Ca®" homeostasis in renal cells.
Regucalcin may be responsible for ATP-dependent trans-
cellular Ca®™ transport, and it participates in the promotion

of Ca?* re-absorption in the nephron tubule of kidney
cortex. Regucalcin may play a physiological role in the
regulation of calcium metabolism in blood through
re-absorption of urinary calcium in kidney.

Role of regucalcin in Ca** homeostasis in heart cells

The Ca" current is one of the most important components
in cardiac excitation—contraction coupling [100]. This
coupling mechanism is based on the regulation of intra-
cellular Ca** concentration by Ca*" pump in the sarco-
plasmic reticulum of heart muscle [100]. The role of
regucalcin in the regulation of heart muscle function is
shown. Regucalcin mRNA is expressed in rat heart [27].
The result with western blot analysis indicates that regu-
calcin is present in the cytoplasm of heart muscle cells
[27]. Regucalcin concentration in the heart muscle tissues
has been shown to be about 3.86 x 1078 M [26]. Regu-
calcin mRNA expression in the hearts of rats is decreased
with increasing age [101], and free radical stress has a
suppressive effect on its gene expression [101]. Overex-
pression of regucalcin in transgenic rats has been found to
accelerate free radical stress-induced death of rats [101].

Regucalcin has been found to increase Ca®"-ATPase
activity and ATP-dependent Ca*" uptake, which regulates
intracellular Ca®" concentration related to cardiac excita-
tion—contraction coupling, in rat heart microsomes, sug-
gesting its role in the regulation of heart muscle function
[27]. The effect of regucalcin in increasing heart micro-
somal Ca”"-ATPase activity is inhibited in the presence of
thapsigargin [27], a specific inhibitor of the sarcoplasmic
reticulum Ca’" pump enzyme (Ca’"-ATPase) [102],
indicating that regucalcin activates Ca>" pump enzyme in
the sarcoplasmic reticulum. It is suggested that regucalcin
binds to the lipids at the close site of Ca>"-ATPase in heart
microsomes, and that it acts on the SH group which may be
an active site of the enzyme and stimulates Ca”*-depen-
dent phosphorylation of Ca**-ATPase [27].

Phospholamban has been known to inhibit Ca*" pump
enzyme (Ca’T-ATPase) in the sarcoplasmic reticulum
(microsomes) of heart muscle [103]. Ca’>"-ATPase is
activated through cAMP-dependent phosphorylation of
phospholamban following hormonal stimulation [103]. The
endogenous activatory protein of sarcoplasmic reticulum
Ca”"-ATPase is unknown. Regucalcin, which is present in
the cytoplasm of heart muscle, may play an important role
as an endogenous activator in the regulation of sarcoplas-
mic reticulum Ca®"-ATPase activity in rat heart muscle
[100]. Regucalcin may play a physiological role in the
regulation of cardiac excitation—contraction coupling.

The role of regucalcin in the regulation of Ca®>"-ATPase
activity in the heart mitochondria of rats is examined,
moreover [104]. Regucalcin is found to be present in the
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mitochondria of normal rat heart [104], and this localiza-
tion is increased in the heart of regucalcin transgenic rats as
compared with that of normal rats [104]. The addition of
regucalcin (107" to 107®* M) in the enzyme reaction
mixture caused a significant increase in Ca*"-ATPase
activity in the heart mitochondria in the presence of 50 uM
CaCl, [104]. Ca’*-ATPase activity was also increased in
the heart mitochondria of regucalcin transgenic rats [104].
Regucalcin has an activating effect on Ca>"-ATPase in rat
heart mitochondria, suggesting its role in the regulation of
heart mitochondrial function.

Regucalcin may play a role in the regulation of cyto-
plasmic Ca" levels due to activating Ca>* pump activity in
the sarcoplasmic reticulum and mitochondria in heart cells.

Role of regucalcin in Ca?* homeostasis in brain tissues

Intracellular Ca®" concentration in the neuronal cells of
brain is regulated by various buffering and transport sys-
tems such as the membrane Na*—Ca®* exchanges, the
membranous Ca”-ATPase, Ca”-binding proteins, and
intracellular Ca>* uptake systems [105-109]. The changes
in the neuronal Ca*" homeostasis with aging may be
implicated in age-related disturbance in cognitive functions
[109]. There is growing evidence that the alteration in the
neuronal Ca*" regulation is also implicated in the pathol-
ogy of Alzheimer’s disease [109].

The expression of regucalcin mRNA is demonstrated in
brain tissues [28, 110]. Regucalcin concentration in the
brain tissues has been shown to be about 5 x 1072 M as
measured using enzyme-linked immunoadsorbent assay,
and this level is lowered with aging [26]. Regucalcin is
localized in the neurons isolated from rat brain tissues [28],
suggesting its role in brain function.

Brain calcium accumulation has been shown to increase
after oral administration of calcium in rats, and fasting
enhances its accumulation [111]. The supply of glucose
may be required in the regulation of brain Ca®" homeo-
stasis in rats in vivo [111], suggesting a physiological
significance of energy-dependent mechanism in brain cal-
cium metabolism. Fasting caused a significant increase in
brain calcium content and Ca®"-ATPase activity in the
microsomes and mitochondria of brain tissues in young and
aged rats, and these increases were restored after the supply
of glucose, supporting a physiologic significance of
energy-dependent mechanism in the regulation of brain
calcium in rats with different ages [112].

Aging causes a decrease in Ca®"-ATPase activity in the
brain plasma membranes of rats [113], suggesting that
aging enhances the entry of Ca>" into brain neuronal cells
across the plasma membranes. In addition, aging induces
an attenuation of Ca®'-sequestrating system in the brain
microsomes, supporting the view that a disturbance of the
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neuronal Ca®" regulation is brought with increasing age
[114]. Protein kinase C activates brain microsomal Ca**-
ATPase in aged rats [115]. It is speculated that aging-
induced increase in Ca**-ATPase activity results from the
translocation to the microsomes of protein kinase C in
brain cytosol [115]. The development of brain disease with
aging may be partly related to the toxicity of brain calcium
raised by the increase in microsomal Ca*"-ATPase activity
with aging. The disturbance of brain Ca®" homeostasis
may play a pivotal role in the revelation of brain disease.

Regucalcin has been found to have an inhibitory effect
on Ca?t-ATPase activity in rat brain microsomes [110],
suggesting that regucalcin plays a role in the regulation of
microsomal Ca®>"-ATPase activity in rat brain. Interest-
ingly, the concentration of regucalcin in the cerebral cortex
and hippocampus of brain tissues is decreased with aging
[110]. The suppressive effect of regucalcin on brain
microsomal Ca®"-ATPase activity was weakened in aged
rats [110]. Presumably, the aging-induced elevation of
brain microsomal Ca**-ATPase activity is partly resulted
from an attenuation of regucalcin action on the enzyme
activity with aging. There may be a possibility that the
translocation of protein kinase C to the brain microsomes
of aged rats [115] is a cause of the attenuation of regucalcin
effect on the enzyme activity. Regucalcin may play a
physiological and pathophysiological role in the regulation
of intracellular Ca®" concentration in the brain tissues.

Regucalcin has an activatory role in the regulation of
Ca’"-ATPase activity in the mitochondria of brain tissues
of rats [116]. The addition of regucalcin (107" to 10° M),
which is a physiological concentration in rat brain tissues,
into the enzyme reaction mixture containing 25 pM cal-
cium chloride caused a significant increase in Ca®"-ATP-
ase activity, while it did not significantly change in
Mg*"-ATPase activity [116].

Regucalcin levels are increased in the brain tissues or
the mitochondria obtained from regucalcin transgenic rats.
The mitochondrial Ca®"-ATPase activity has been found to
increase in regucalcin transgenic rats as compared with that
of wild-type rats [116]. Endogenous regucalcin plays a role
in the regulation of Ca’*-ATPase activity in the brain
mitochondria of rats.

Conclusion

Regucalcin plays a cell physiological role as a regulatory
protein that is involved in the regulation of Ca*" homeo-
stasis in various cell types. The low cytoplasmic Ca*"
concentration of living cells is maintained through energy-
requiring pumps. These pumps either remove Ca’" to the
extracellular space by transport across the plasma mem-
brane or accumulate it inside of intracellular organelles
such as the mitochondria and endoplasmic reticulum
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Fig. 1 Regucalcin has a pivotal
role in keeping intracellular
Ca®" homeostasis that is
attenuated with various
stimulating in cells. Regucalcin

(Ca*"-Mg*")-ATPase,
mitochondrial Ca>*-ATPase
and microsomal Ca®*-ATPase
activities in cells. Regucalcin
also stimulates Ca>" release
from the microsomes
(endoplasmic reticulum).
Regucalcin has an inhibitory
effect on nuclear Ca®*-ATPase
and a stimulatory effect on Ca>"
release from the nucleus.
Through thus mechanism,
regucalcin plays a part in
regulating the rise of cytosolic
Ca”* concentration and nuclear
matrix Ca>" levels in cells that
suppresses Ca>"-dependent
cellular events

endoplasmic
reticuium

(microsomes). Regucalcin stimulates the activity of these
pumps to lower the cytoplasmic Ca®" levels, as shown in
Fig. 1. This may provide the cellular mechanism of the
inhibitory effect of regucalcin in the regulation of cell
functions related to Ca®" signaling.

Regucalcin reverses Ca>" effect in enzyme regulation
Ca’" and calmodulin systems generally activate various
enzymes in many cells. There are many evidences that
regucalcin has an inhibitory effect on enzyme activation by
Ca®*/calmodulin [24-28]. This section outlines the find-
ings on the inhibitory effect of regucalcin on action of
Ca®" in cell metabolism.

Liver metabolism is regulated through an increase in
Ca”" level in the cytoplasm of liver cells due to hormonal
stimulation [3-5]. Regucalcin has an inhibitory effect on
Ca”*/calmodulin-dependent enzyme activity in vitro. The
hormonal effect on fructose-1,6-diphosphatase, which
promotes the conversion from fructose-1,6-diphosphate to
glucose-6-phosphate in the hepatic cytoplasm of rats, is
mediated through Ca®". This enzyme activity is activated
through Ca**/calmodulin [10]. The activation of fructose-
1,6-diphosphatase by Ca”**/calmodulin was completely
reversed after the addition of regucalcin in the enzyme
reaction mixture [10].

Phosphorylase a activity in the liver particulate glyco-
gen is increased after addition of Ca®" (10 pM) [13]. This
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increase was completely reversed after addition of regu-
calcin in the enzyme reaction mixture [13]. Regucalcin
(1.0 uM) reversed activations of pyruvate kinase [12] and

glucose-6-phosphatase [11] after addition of Ca’* in the
enzyme reaction mixture. These findings suggest that reg-
ucalcin regulates glycogenolysis and gluconeogenesis that
is stimulated by Ca”" in liver cells.

The reversible effect of regucalcin is also shown in
Ca”"-induced inhibition of 5'-nucleotidase activity in liver
plasma membranes [15] and deoxyuridine 5'-triphospha-
tase activity in hepatic cytosol [117].

Thus, regucalcin has a reversible effect on the activation
and inhibition of many enzymes by Ca’>*

The controlled use of energy to maintain homeostasis
and cellular function is a basic property of all cells. The
free energy of ATP is believed to be the major cytosolic
intermediate in this process. ATP is produced from the
energy obtained by the oxidation of metabolic substrates in
glycolysis and oxidative phosphorylation. ATPase pro-
duces the energy from ATP in the cell cytosol. The cyto-
solic factors regulating ATPase activity is important.
Regucalcin has been shown to play an inhibitory role in the
regulation of ATPase activity in the brain cytosol of young
and aged rats [118], suggesting a role in the regulation of
energy conversion in brain tissues.

The mechanism of the reversible effect of regucalcin on
various enzyme activities, which are regulated through
Ca®™, has not been well known. However, action of regu-
calcin may be partly based on Ca®" binding, because the
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protein has 67 high-affinity binding sites per molecule
(Kf = 4.19 x 10° M) [8]. Regucalcin may directly bind
to Ca>* and/or calmodulin. In addition, it is possible that
regucalcin may bind to enzymes and that affects enzyme
activity.

Regucalcin inhibits Ca®>*/calmodulin-dependent
enzyme activation

Ca”*/calmodulin-dependent enzymes are localized in
many tissues and cells. Regucalcin has been found to have
an inhibitory effect on various Ca®"/calmodulin-dependent
enzyme activations.

Cyclic adenosine monophosphate (AMP) is a second
messenger for hormonal stimulation in many cells. Cyclic
AMP is degraded by cyclic AMP phosphodiesterase in
liver cytosol [119]. The enzyme activity is increased
through Ca>"/calmodulin [1]. Regucalcin has been found
to inhibit the activation of cyclic AMP phosphodiesterase
by Ca*"/calmodulin in the cytosols of liver and renal
cortex [120, 121], suggesting a role of regucalcin in the
regulation of cyclic AMP level in the cells.

Nitric oxide (NO) may be important as a signaling factor
in many cells [122]. NO, which has an unpaired electron
reacts with protein, targets primarily through their thiol or
heme groups, and acts as a messenger or modulator molecule
in many biological systems. NO is produced from
L-arginine with L-citrulline as a coproduct in a reaction cat-
alyzed by NO synthase that requires Ca**/calmodulin [122].

Regucalcin has been shown to have a suppressive effect
in the enhancement of NO synthase activity in the cytosols
of liver [123, 124] and kidney cortex [125] of rats. Over-
expression of regucalcin did not cause a significant alter-
ation of NO synthase activity in the kidney cortex cytosol
of regucalcin transgenic rats as compared with that of wild-
type rats [125]. However, the effect of calcium chloride
(10 pM) in increasing NO synthase activity in the kidney
cortex cytosol of wild-type rats was weakened in regucal-
cin transgenic rats [125]. The presence of anti-regucalcin
monoclonal antibody (25 or 50 ng/ml) in the reaction
mixture caused a significant increase in NO synthase
activity, and this increase was completely abolished after
the addition of regucalcin (1077 M). Endogenous regu-
calcin has a suppressive effect on NO synthetase activity in
the cytosol of various tissues of rats.

Regucalcin has also been found to suppress Ca”*/cal-
modulin-dependent NO synthase activity in the heart
cytosol of rats [126]. Regucalcin had an inhibitory effect
on NO synthase activity in the presence of antagonist for
calmodulin [126], indicating a direct effect of regucalcin
on the enzyme independent of Ca®'/calmodulin. The
physiological significance of regucalcin inhibition of NO
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synthase in heart muscle cytosol is unknown. However,
regucalcin may participate in the regulation of NO pro-
duction in heart muscle cells. NO acts as a messenger or
modulator molecule in heart muscle. NO production may
be stimulated through Ca®" signaling due to hormonal
stimulation in heart muscle cells. Regucalcin may have a
suppressive effect on over-production of NO due to
inhibiting NO synthase in heart muscle cells.

Nitric oxide (NO) acts as a messenger or modulator
molecule in brain neurons. Regucalcin has also been shown
to reveal a suppressive effect on NO synthase activity in
the brain cytosol of young and aged rats, even though
regucalcin levels are reduced with increasing age [127]. A
remarkable expression of regucalcin protein was seen in
the cytosol and nucleus of the brain tissues of regucalcin
transgenic rats as compared with that of wild-type rats
[128]. NO synthetase activity was decreased in the brain
cytosol of transgenic rats, and the presence of anti-regu-
calcin monoclonal antibody (50 ng/ml) in the enzyme
reaction mixture caused a significant increase in cytosolic
NO synthase activity in the cytosol of brain tissues of wild-
type rats [128]. Endogenous regucalcin plays a suppressive
role in the regulation of brain neuronal NO synthase
activity in rats.

Thus, regucalcin has been demonstrated to have a sup-
pressive role on Ca?*/calmodulin-dependent NO synthase
activity in various tissues. Regucalcin may play a role as a
suppressor protein in NO production in many cell types,
and it may regulate many cellular events that are involved
in NO signaling.

Superoxide dismutase (SOD) plays a role in the pre-
vention of cell death and apoptosis in the heart. The
decrease in Mn-SOD activity is associated with increased
mitochondrial oxidative damage as demonstrated by a
decrease in the activities of iron sulfthydryl proteins sen-
sitive to oxygen stress [129]. Cu/Zn-SOD has been shown
to play the role of protector against doxorubicin-induced
cardiotoxicity in mice [130]. Meanwhile, NO has a role
in the suppression of myocardial O, consumption in
rats [131].

Regucalcin has been found to increase SOD activity in
the cytosol of rat liver [132] and heart [133]. Regucalcin
has an inhibitory effect on NO synthase activity in the heart
cytosol [133]. Production of superoxide radicals is widely
accepted as the cause of the cardiodamage. Presumably,
regucalcin participates in the control of production of
superoxide radicals in rat heart muscle cells.

The multifunctional Ca®"/calmodulin-dependent protein
kinases play an important role in the response of the cells to
a calcium signal [1, 134]. Regucalcin has been shown to
inhibit Ca**/calmodulin-dependent protein kinase activity
in the cytosol of rat liver [135], kidney cortex [136], and
brain tissues of rats [137, 138]. An appreciable effect of
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regucalcin is seen at 0.5 pM, which is a cell physiological
concentration. As Ca’"/calmodulin-dependent protein
kinase in the cytoplasm is activated through calcium signal,
regucalcin may regulate a signal transduction for Ca®™.
The mechanism of action of regucalcin may be partly based
on its binding to Ca**/calmodulin and/or enzyme. Regu-
calcin has been demonstrated to bind on calmodulin in
analysis with sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) using calmodulin-agarose
beads [139].

Nishizuka [2] discovered a diacylglycerol-activated
Ca”* and phospholipid-dependent protein kinase (protein
kinase C). Protein kinase C is distributed widespread in the
body, with amounts in the liver being intermediate between
the high levels found in brain and spleen [2]. Protein kinase
C is capable of phosphorylating cytoplasmic proteins. It is
found that regucalcin inhibits protein kinase C activity in
the cytoplasm of rat liver [140], kidney cortex [141], and
brain cytosol and brain neurons [137, 138], supporting the
view that regucalcin plays a role in the regulation of Ca®*-
dependent cellular functions. The presence of anti-regu-
calcin monoclonal antibody in the enzyme reaction mixture
caused a significant elevation of protein kinase activity,
indicating that the endogenous regucalcin has an inhibitory
effect on the enzyme activity [137, 138].

The regulatory effect of regucalcin in rat brain function
may be attenuated with aging. Increasing age enhances
protein kinase activity in rat brain cytosol [137]. This
enhancement may be partly involved in aging-decreased
regucalcin in rat brain tissues [110]. It is speculated that the
endogenous regucalcin plays a suppressive role in the
activation of Ca®'-dependent protein kinase in the brain
cytosol, and that aging may weaken the effect of regucal-
cin. Regucalcin may play a pivotal role in the regulation of
phosphorylation of the cytosolic proteins in brain tissues.
Interestingly, it has been reported that regucalcin gene is
localized on human chromosome X that encompasses the
map location for a growing number of diseases with a
genetic basis; these include syndromic and non-syndromic
forms of X-linked mental retardation and X-linked neuro-
muscular diseases [23]. Regucalcin may have a patho-
physiological role in brain disease with aging.

As mentioned above, regucalcin plays an inhibitory role
in signaling pathway that is mediated through cyclic AMP,
NO, and Ca®"-dependent protein kinases in many tissues
and cell types.

Protein phosphorylation—dephosphorylation is a uni-
versal mechanism by which numerous cellular events are
regulated [142]. It has become apparent that there may
exist many phosphatases that, like the kinases, are just
elaborately and rigorously controlled [142, 143]. Protein
phosphatase plays an important role in intracellular signal
transduction due to hormonal stimulation [142].

Calcineurin, a calmodulin-binding protein, has been
shown to possess a Ca®"-dependent and calmodulin-stim-
ulated protein phosphatase activity [144]. Regucalcin has
been demonstrated to inhibit calcineurin activity in the
cytosol of liver and renal cortex after its binding to cal-
modulin [145, 146]. Protein phosphatases, which endoge-
nous regucalcin acts in liver cytoplasm, may be insensitive
to okadaic acid [147]. Protein phosphatase activity toward
phosphotyrosine, phosphoserine, and phosphothreonine in
the cytosol of rat liver was elevated in the presence of anti-
regucalcin monocional antibody in the enzyme reaction
mixture in vitro, suggesting its role of endogenous regu-
calcin [145]. Regucalcin may be a unique protein, which
has inhibitory effects on protein tyrosine phosphatase and
protein serine/threonine phosphatase. Regucalcin, which
was localized in rat liver nuclei, has been shown to inhibit
nuclear protein phosphatase activity [148].

Endogenous regucalcin plays a role in the regulation of
protein phosphatase activity in the cytosol and nuclei of rat
renal cortex [149-151]. Regucalcin has been found to be
present in the cytosol and nuclei of rat kidney cortex using
western blot analysis [151]. The addition of regucalcin
(50-250 nM) in the enzyme reaction mixture obtained
from the cytoplasm and nuclei from rat kidney cortex
caused a decrease in protein phosphatase activity toward
phosphotyrosin, phosphoserine, and phosphothreonine
[149, 150]. The effect of calcium (25 uM) and calmodulin
(2.5 pg/ml) in increasing protein phosphatase activity was
decreased after the addition of regucalcin. Protein phos-
phatase activity in the cytosol and nuclei was increased in
the presence of anti-regucalcin monoclonal antibody
(10-50 ng/ml) in the enzyme reaction mixture [149, 150].
Regucalcin plays a suppressive role in the regulation of
protein phosphatase activity in the cytoplasm and nucleus
of rat kidney cortex.

Kidney cortex calcium content and the cytosolic and
nuclear regucalcin levels were increased at 0.5-5 h after a
single intraperitoneal administration of calcium chloride
solution (10 mg Ca/100 g body weight) in rats [151]. The
cytosolic and nuclear protein phosphatase activity, which is
raised in calcium-administered rats, was found to enhance
when anti-regucalcin monoclonal antibody was added in
the enzyme reaction mixture [151]. The effect of antibody
was completely abolished after the addition of regucalcin
in the enzyme reaction mixture. Thus, endogenous regu-
calcin has a suppressive effect on the enhancement of
protein phosphatase activity in the cytosol and nucleus of
kidney cortex in calcium-administered rats.

Cardiac hypertrophy is induced by calcineurin, which
dephosphorylates the transcription factor NF-A3, enabling
it to translocate to the nucleus [152]. Transgenic mice, that
express activated forms of calcineurin or NF-AT3 in the
heart, develops cardiac hypertrophy and heart failure that
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mimic human heart disease [152], suggesting a hypertro-
phic signaling pathway. If regucalcin has a suppressive
effect on calcineurin activity in the heart cytosol of normal
and transgenic rats [153], overexpression of regucalcin
may have a pathophysiological role in the prevention of
development of cardiac hypertrophy and heart faliure.

Regucalcin has also been shown to have an inhibitory
effect on Ca®"/calmodulin-dependent protein phosphatase
activity toward phosphotyrosine, phosphoserine, and
phosphothreonine in rat brain cytosol [154] and neurons
[28]. The presence of anti-regucalcin monoclonal antibody
in the enzyme reaction mixture caused a significant ele-
vation of protein phosphatase activity in the brain cytosol,
indicating that the endogenous regucalcin has a suppressive
effect on the cytosolic enzyme activity [154]. Regucalcin
has been shown to have an inhibitory role in the regulation
of protein phosphatase activity in rat brain cytosol.

Regucalcin is localized in the microsomes of rat brain,
and aging causes a decrease in its protein levels [155].
Regucalcin has been also shown to have a suppressive
effect on protein tyrosine phosphatase activity in rat brain
microsomes [155]. Aging caused an increase in protein
tyrosine phosphatase activity in rat brain microsomes and
the suppressive effect of regucalcin on the enzyme activity
was weakened in aged rats [155], suggesting that the
decrease in microsomal regucalcin with aging is partly
involved in the enhancement of microsomal protein tyro-
sine phosphatase activity with aging [155].

Regucalcin has been found to be present in the nucleus
of rat brain and the endogenous regucalcin has a suppres-
sive effect on the nuclear protein tyrosine phosphatase
activity [156]. Increasing age has also been found to induce
a reduction in rat brain nucleus and may lead to attenuation
of the suppressive effect of regucalcin on the nuclear
protein tyrosine phosphatase activity [156]. Regucalcin
may play a pivotal role as a regulatory protein in the reg-
ulation of brain function that relates to protein phosphor-
ylation—dephosphorylation.

Thus, regucalcin may play a physiological role in the
intracellular control of the hormonal stimulation for phos-
phorylation and dephosphorylation of many proteins in
various cell types.

As mentioned above, regucalcin has been demonstrated
to reverse the activity of many Ca”>'-activated enzymes
(phosphorylase a, glucose-6-phosphatase, fructose-1,6-
bisphosphatase, pyruvate kinase, protein kinase C, Ca*t/
calmodulin-dependent protein kinase, protein phosphatase,
and Ca”*/calmodulin-dependent cyclic AMP phosphodi-
esterase) and of Ca’*-inhibited enzymes (5'-nucleotidase
and dUTPase).

The first action is that regucalcin binds Ca*" and that
inhibits the metal’s effect on many enzymes. The effect of
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regucalcin, that reverses Ca*™ action on many enzymes,
may be based on its binding of Ca*", since the protein has
6-7 high-affinity binding sites per molecule, and a Ca**-
binding constant of 4.19 x 10° M~' [8]. The intrinsic
significance of regucalcin action may be the binding of
Ca®" by its protein.

The second is that Ca’"-binding regucalcin directly
inhibits the function of enzymes and somewhat stimulates
enzyme function. The direct action of Ca®"-binding regu-
calcin or the protein itself may be decided by the protein
structure of enzymes. Spectroscopical studies have clearly
demonstrated that Ca®-binding induces conformational
changes in regucalcin, which may then result in increased
hydrophobicity of the protein, and loosening of the con-
formation of regucalcin [9].

Regucalcin can directly inhibit the enzymes that are
activated through Ca’"-calmodulin [10]; this also results
from regucalcin that affects the binding of Ca®' to
calmodulin. Which of the two proteins binds Ca*" may
be decided by their relative concentrations of Ca®" in
hepatic cytosol, since the Ca”"-binding constant of reg-
ucalcin is greater than that of calmodulin [8]. Calmod-
ulin exists as a monomer of molecular weight 17,000
and contains four Ca®"-binding sites [1]. In the enzyme
assay system of Ca’*/calmodulin-dependent cyclic AMP
phosphodiesterase activity, the inhibitory effect of regu-
calcin on the enzyme activation through Ca”*-calmodu-
lin is completely blocked with the addition with
increasing concentrations of Cat [117, 118]. This fur-
ther supports the view that the mechanism by which
regucalcin inhibits Ca>" action is based on the binding
of Ca’".

Moreover, in the enzyme assay system of protein
kinases (protein kinase C and Ca®"/calmodulin-dependent
protein kinase), the effect of regucalcin, which inhibits the
activation of enzymes by Ca’", is seen with increasing
concentrations of Ca?". This suggests that regucalcin
directly inhibits the enzyme activation in addition to
Ca’*-binding. Also, it is possible that Ca*"-binding reg-
ucalcin or the protein itself can directly inhibit the enzyme
activity.

There may be many enzymes that are regulated by
regucalcin and/or Ca?*-binding regucalcin in various cell
types. This remains to be elucidated.

Regucalcin regulates protein synthesis and degradation

Regucalcin has been shown to have a regulatory effect on
protein synthesis and protein degradation, suggesting that
regucalcin plays a role in the regulation of protein turnover
in cells.
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Role of regucalcin in protein synthesis

Protein synthesis is depressed in a variety of eukaryotic cell
types exposed to conditions depleting Ca®>" but not Mg>"
[157]. It has been also proposed that hormones (vasopres-
sin and o-adrenergic agonist), which are known to mobilize
sequestered Ca?* within liver cells, inhibit amino acid
incorporation by influencing a Ca®" requirement associated
with protein synthesis [158]. Moreover, vasopressin
inhibits the rate of protein synthesis in isolated hepatocytes
partially depleted of Ca** [159]. These investigations
propose the hypothesis that a sequestered pool of intra-
cellular Ca”" is required for the maintenance of high rates
of protein synthesis in liver cells [158, 159]. On the other
hand, vasopressin and «-adrenergic agonist cause an
increase in the intracellular free Ca®" concentration of
hepatocytes that are not depleted of Ca** [160, 161].
Whether the increase in intracellular Ca®" influences
hepatic protein synthesis is well undefined, however, it
may be important to clarify the effect of Ca** addition on
hepatic protein synthesis in vitro.

It has been demonstrated that Ca2+, of various metals,
can uniquely inhibit in vitro protein synthesis using the
5,500g supernatant fraction (the microsomes and cytosol)
of rat liver homogenate [162]. Its inhibition was seen after
addition of 1.0 uM Ca>*. Ca*" addition caused a remark-
able decrease in the activity of aminoacyl (leucyl)-tRNA
synthetase, which is a rate-limiting enzyme of protein
synthesis at translational process, in hepatic cytosol [162].
Ca’" may directly inhibit hepatic protein synthesis in
subcellular fraction of liver cells. Ca*" is required for
protein synthesis in hepatocytes exposed to conditions
depleting the cation [162]. It is not clarified whether pro-
tein synthesis in hepatocytes not depleted of Ca** requires
exogenous Ca’". The mechanism by which Ca®" is
required in protein synthesis of hepatocytes depleted of
Ca”*" may be complex.

Calmodulin, which can amplify Ca®" effects on
enzymes [1], did not have an appreciable effect on in vitro
protein synthesis using the 5,500g supernatant fraction of
liver homogenate in the presence of Ca*™ (10 uM) [162].
The activity of aminoacyl-tRNA synthetase in hepatic
cytosol was not altered through calmodulin [163]. Pre-
sumably, the protein synthesis is inhibited by Ca®", which
is not bound to calmodulin.

The role of regucalcin in the regulation of in vitro
protein synthesis using the 5,500g supernatant fraction of
rat liver homogenate is investigated [162]. Regucalcin
caused a remarkable inhibition of hepatic protein synthesis
in vitro [162]. Regucalcin could not reverse the Ca’*-
induced inhibition of protein synthesis [162], although it
has been shown that regucalcin can reverse the Ca®" effect
on many enzymes in liver cells. Since regucalcin can bind

to liver cytosolic proteins and the binding is slightly
enhanced with the coexistence of 0.1 pM Ca®" [65], Ca**-
binding regucalcin and/or Ca’" free regucalcin may be
able to inhibit hepatic protein synthesis. In fact, the pres-
ence of regucalcin (1 and 2 pM) could fairly decrease
hepatic protein synthesis that was reduced after the addi-
tion of 10 pM Ca®"[162]. Regucalcin itself may play a role
in the regulation of protein synthesis in liver cells.

Regucalcin has been shown to inhibit hepatic amino-
acyl-tRNA synthase activity [162]. The inhibitory effect of
regucalcin was seen in the presence of Ca®" (10 uM). The
inhibitory effect of regucalcin on hepatic protein synthesis
may be partly based on a remarkable decrease of amino-
acyl-tRNA synthetase activity caused by regucalcin. Reg-
ucalcin may bind aminoacyl (leucyl)-tRNA synthetase in
hepatic cytosol, since iodinated regucalcin can bind the
proteins in hepatic cytosol [65]. Regucalcin may be able to
regulate liver cell function that is not affected by cellular
Ca’*.

The role of endogenous regucalcin on protein synthesis
is examined using anti-regucalcin monoclonal antibody,
moreover [163]. The presence of anti-regucalcin mono-
clonal antibody in the reaction mixture caused a significant
increase in protein synthesis and [°H] leucyl-tRNA syn-
thetase activity in normal rat liver. These increases were
completely prevented in the addition of exogenous regu-
calcin (1.0 pM). Liver cytosol contained about 16 pg of
regucalcin per 1 mg of the cytosolic protein; the reaction
mixture contained about 0.17-0.19 uM of endogenous
regucalcin, because the cytosolic protein in the range
360-390 ng was added into the mixture of 1.0 ml.
Endogenous regucalcin may have a suppressive effect on
protein synthesis in liver cells.

Hepatic protein synthesis has been shown to enhance
regeneration of rat liver, which induces a proliferation of
liver cells after partial hepatectomy [163]. This enhance-
ment was remarkable at 24 and 48 h after partial hepa-
tectomy. Hepatic protein synthesis in regenerating liver
was further enhanced in the presence of anti-regucalcin
monoclonal antibody in the reaction mixture. Endogenous
regucalcin has a suppressive role on the enhancement of
protein synthesis in regenerating liver.

Role of regucalcin in protein degradation

Evidence for the role of Ca**-activated protease (calpains)
is implicated in signal transduction [164]. Two neutral
Ca”*-requiring proteinases, differing in molecular size,
have been isolated from rabbit liver cytosol [165]. Both are
recovered as inactive proenzymes that can be converted to
the active forms by high (0.1-1.0 mM) concentrations of
Ca®* in the absence of substrate or, in the presence of a
protein substrate, by low (1-5 pM) concentrations of Ca®™
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[165]. The activated proteinases required only 1-5 uM
Ca”" for maximal activity [165].

The addition of regucalcin (0.25-2.0 pM) into the
enzyme reaction mixture has been found to induce a
remarkable increase of neutral proteinase activity in the
presence of 5.0 uM Ca®" [166]. The effect of regucalcin
was seen at 0.25 pM. Regucalcin may activate Ca®'-
requiring proteinase in rat liver cytosol. The effect of
regucalcin in increasing liver cytosolic proteinase activity
is also seen in the absence of Ca>™ [166]. This increase was
remarkable as compared with that of Ca®" addition. Reg-
ucalcin may activate Ca®"-not requiring neutral proteinase
in rat liver cytosol. Regucalcin has a reversible effect on
the activation of various enzymes by Ca?" and/or cal-
modulin [120, 121, 147]. The finding, that regucalcin can
activate neutral proteinase in rat liver cytosol in the pres-
ence or absence of Ca2+, was novel.

The activatory effect of regucalcin on liver cytosolic
proteinase activity was not seen in the presence of anti-
regucalcin antiserum in the enzyme reaction mixture [166],
suggesting a role of endogenous regucalcin in the activa-
tion of cytosolic proteinase.

The activatory effect of regucalcin on neutral proteases
in the liver cytosol is characterized [167]. Leupeptin is a
potent inhibitor of SH-proteinase. The regucalcin-increased
proteinase activity was inhibited in the presence of leu-
peptin in the enzyme reaction mixture [167]. Regucalcin
may activate neutral cysteinyl-proteinase in the liver
cytosol. The effect of regucalcin in increasing proteolytic
activity in rat liver cytosol was not abolished in the pres-
ence of diisopropylfluorophosphate (DFP), an inhibitor of
serine-protease, although DFP alone had an inhibitory
effect on the proteolytic activity [167]. Regucalcin does not
act on serine-proteases in liver cytosol. The effect of reg-
ucalcin was also seen in the presence of a chelator of metal
ions, suggesting that regucalcin does not activate metal-
related proteases in liver cytosol.

The proteolytic activity in liver cytosol was markedly
increased after the addition of dithiothreitol (DTT), a
protecting reagent for SH group, in the enzyme reaction
mixture and this increase was completely inhibited in the
presence of N-ethylmaleiimide (NEM), a SH group-modi-
fying agent [167]. The effect of regucalcin in increasing
proteolytic activity was seen in the presence of DTT in
liver cytosol, although it was completely inhibited in the
presence of NEM [167]. Regucalcin may act on the SH
group of cysteinyl-proteases in liver cytosol.

Two forms of Ca®T-activated neutral proteases (cal-
pains) have been identified in hepatocytes and other cells,
m-calpain and p-calpain [165]. Isolated p-calpain requires
micromolar concentrations of Ca’t for activation, while
m-calpain requires millimolar concentrations [168]. The
activation of proteases in rabbit liver cytosol required only
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1-5 uM Ca*" for maximal activity [167]. Ca** (10 uM)-
increased proteolytic activity in rat liver cytosol was
inhibited in the presence of NEM, indicating that neutral
proteases (including calpains), which are activated by
Ca*", exist in liver cytoplasm [167].

The activity of calpains, which are thiol protease [169],
increases in hepatocytes following addition of ATP [170].
The proteolytic activity in liver cytosol was decreased after
the addition of calpastatin, a specific inhibitory of calpains,
indicating the existence of calpains in the cytosol [167].
Regucalcin-increased proteolytic activity was abolished in
the presence of calpastatin. Regucalcin may be an activator
for calpains. m-Calpain isolated from rabbit skeletal muscle
was activated by regucalcin independent on Ca®". This
activation was inhibited after the addition of NEM [167].
Regucalcin acts on the SH group in m-calpain. Presumably,
regucalcin may be able to activate both m- and u-calpains.

The role of regucalcin in the regulation of neutral pro-
teolytic activity in rat kidney cortex cytosol is also exam-
ined [171, 172]. Regucalcin had an activatory effect on
neutral proteolytic activity in the kidney cortex cytosol
[172]. This increase was abolished in the presence of anti-
regucalcin monoclonal antibody, supporting the view that
endogenous regucalcin plays a role as activator of prote-
ases in the renal cortex cortisol [172]. The effect of regu-
calcin on proteolytic activity was not altered in the
presence of calcium chloride (0.01 and 1.0 mM) or EGTA
(1.0 mM), indicating that the effect of regucalcin was
independent on Ca®". Regucalcin may activate both cal-
pains and other proteases in the kidney cortex cytosol.
Regucalcin has been also shown to activate SH proteases in
rat renal cortex cytosol. Presumably, regucalcin acts on the
SH groups of protease in rat renal cortex cytosol.

The activatory effect of regucalcin on proteases is seen
in the concentrations of 0.01-0.25 uM [171]. The con-
centration of regucalcin in rat kidney tissue is found to be
present at about 5.3 uM. Regucalcin plays a physiological
role in the activation of thiol proteases in renal cortex cells.

Regucalcin uniquely activates thiol proteases indepen-
dent on Ca®* in the liver cytosol, whereas it has no effect
on serine proteases and metalloproteases [166, 167]. Such
an effect of regucalcin was also found in the renal cortex
cytosol [172]. Regucalcin may be an activator on thiol
proteases in liver and kidney cells. Regucalcin also plays a
role as an activator in other tissues that express regucalcin.

Calpains are ubiquitous, non-lysosomal, calcium-
dependent proteases that may play important roles in Ca**-
mediated intracellular processes [164, 165, 170]. The
ability of calpain to alter the limited proteolysis, the
activity or function of numerous cytoskeletal proteins,
protein kinases, receptors and transcription factors suggests
the involvement of the protease in various Ca”"-regulated
cellular functions [173]. Calpains may also play an integral
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role in modulating the activity of protein kinase C, a key
protein in many signal transduction processes [174], since
they convert the native Ca®/phospholipids-dependent
kinase to a soluble form that does not require Ca®" or
phospholipids for activity [2]. Regucalcin can increase the
activity of thiol proteases including calpain in rat liver and
renal cortex cytosols. Regucalcin may play a pivotal role in
the regulation of cellular functions related to Ca®" medi-
ated through thiol proteases. Presumably, regucalcin plays
an important role in the regulation of signal transduction
that is involved in proteases.

Role of regucalcin in the regulation of nuclear function

Mounting evidence suggests that Ca®" is active in liver
nuclear function [81-83]. Calmodulin exists in rat liver
nuclei [82]. The existence of an ATP-stimulated Ca’*-
sequestration system in rat liver nuclei that requires cal-
modulin and generates a net increase in nuclear matrix free
Ca®* concentration has been reported [81]. Calmodulin
stimulates DNA synthesis in liver cells [175], and the effect
of calmodulin is mediated through «-adrenergic stimulation
[176, 177]. There are many evidences that regucalcin plays
an important role in the regulation of nuclear functions.

Nuclear localization of regucalcin and its binding
to nuclear protein or DNA

Regucalcin has been shown to localize in the nuclei of rat
liver [37, 148]. Regucalcin can bind on calmodulin-agarose
beads [139]. Liver nuclear extract were incubated with
calmodulin-agarose beads, and calmodulin-agarose beads
were applied to SDS-PAGE. Band that coincides with
regucalcin was found on SDS-PAGE [139], suggesting that
regucalcin is present in the nucleus [148].

Exogenous regucalcin has been shown to transport into
the nucleus isolated from normal rat liver [37]. Endogenous
regucalcin is present in the nuclei of rat liver using western
blotting analysis [37]. When isolated liver nuclei were
incubated in the presence of exogenous regucalcin (50 pg/
ml; 1.5 uM), potent band for regucalcin was found in the
nucleus [37], supporting that the protein is translocated into
the nucleus. This translocation was seemed to be an early
event, since potent band for regucalcin was seen with only
10 min of incubation. A part of regucalcin, which is
localized in the cytoplasm of liver cells, is translocated to
the nucleus [37].

Nuclear regucalcin translocation was not appreciably
changed in the presence of ATP (2 mM), guanosine 5'-
triphosphate (GTP, 2 mM), and calcium chloride
(0.1 mM), suggesting that its translocation is not mediated
through nuclear localization signal [37]. ATP and GTP are

required for nuclear import of proteins that are localized in
the nuclei. ATP or GTP does not regulate the translocation
of regucalcin into liver nuclei. Regucalcin is translocated
independently of Ca”".

Nuclear protein transport is blocked in the presence of
the lectin wheat germ agglutinin (WGA) [83]. Nuclear
regucalcin translocation was not appreciably changed in
the presence of WGA in the reaction mixture [37]. This
finding suggests that the nuclear translocation of regucalcin
is not related to nuclear localization signal that is respon-
sible for selection for intranuclear active transport. Pre-
sumably, regucalcin is passively transported to the nucleus
through nuclear pore in liver cells, since a molecular
weight of regucalcin is about 33 kDa [16].

Regucalcin has been also shown to localize in the nuclei
of the cloned normal rat kidney proximal tubular epithelial
NRKS52E cells with immunocytochemical analysis [178].
The nuclear localization of regucalcin is enhanced through
hormonal signaling process that is involved in protein
kinase C [178].

Regucalcin has been shown to bind proteins in isolated
rat liver nuclei using Far-western blot analysis [179]. The
results of the Far-western analysis showed the existence of
protein components that bind to regucalcin in the nucleus
isolated from rat liver [179]. Regucalcin has been also
demonstrated to bind DNA using western blot analysis for
regucalcin with DNA cellulose-binding assay [179]. These
findings show that regucalcin binds proteins and DNA in
liver nucleus. Regucalcin may have a regulatory effect on
signaling pathways that modulate transcriptional activity in
liver cells.

Regucalcin inhibits Ca®"-stimulated nuclear DNA
fragmentation

Isolated rat liver nucleus contains a DNA endonuclease
activity dependent upon Ca®" and Ca" results in extensive
DNA hydrolysis [180]. The Ca?" dependence of this
endogenous DNA fragmentation process is based on DNA
endonuclease activity dependent upon sub-micromolar
Ca®*" when the nucleus is reconstituted with NAD' and
ATP [180]. This endogenous endonuclease activity may be
responsible for the DNA fragmentation occurring during
programmed cell death (apoptosis) and certain forms of
chemically induced cell killing [180, 181].

To explore the regulatory role of regucalcin in liver
nuclear function, it was first examined whether the protein
has an effect on Ca’'-activated DNA fragmentation in
isolated rat liver nuclei [182]. Among various metals, Ca>*
has been shown to stimulate uniquely in vitro DNA frag-
mentation in isolated rat liver nuclei [182]. This increase
was seen after the addition of 1.0 uM Ca2+, in agreement
with previous work [182]. The presence of regucalcin

@ Springer



114

Mol Cell Biochem (2011) 353:101-137

(0.5-2.0 uM) completely inhibited the activation of liver
nuclear DNA fragmentation when 10 uM Ca®* was added.
This inhibition was not seen in the presence of Ca** at 25
or 50 uM. Thus, regucalcin had an inhibitory effect on
DNA fragmentation when a comparatively lower concen-
tration of Ca’* (5.0 and 10 uM) was added [182]. The
inhibitory effect of regucalcin on DNA fragmentation may
be partly based on binding of Ca®™ [9].

DNA fragmentation in rat liver nucleus has been
reported to be stimulated through Ca*"-calmodulin [180],
which exists in liver nuclei [82]. Addition of calmodulin
(10 and 20 pg/ml) did not enhance Ca’" (10 uM)-activated
DNA fragmentation in liver nuclei [182]; however, nuclear
endogenous calmodulin may be able to enhance Ca®'-
activated DNA fragmentation in the nucleus. Regucalcin
has been found to inhibit Ca*"-activated DNA fragmen-
tation after Ca>" addition [182]. Such an inhibition was
also seen in the presence of exogenous calmodulin [182].
Presumably, regucalcin can inhibit Ca**/calmodulin-
dependent DNA fragmentation in liver nuclei, since radio-
iodinated regucalcin has been found in the nuclei isolated
from rat liver in the absence or presence of 1.0 mM Ca®"
[65].

Several studies have shown that Ca®" plays an important
role in the regulation of nuclear functions [81, 82]. Also, it
has been found that a sustained increase in cytosolic Ca®™
level precedes the activation of DNA fragmentation that is
characteristic of programmed cell death (apoptosis) and in
certain forms of chemically induced cell killing [180, 181].
The finding, that regucalcin inhibits the activation of DNA
fragmentation by Ca®", was the first time for a role of
regucalcin in liver nuclear functions.

Regucalcin suppresses nuclear enzyme activity

Smal GTPase Ran (ras-related nuclear protein) is required
for protein export from the nucleus and protein import into
the nucleus [183]. The role of regucalcin in the regulation
of GTPase activity in the nuclei of rat liver is shown [184].
We found the existence of GTPase activity in the nuclei
isolated from rat liver [184]. Liver nuclear GTPase activity
was increased after calcium addition with a comparatively
higher concentration in the enzyme reaction mixture, and
this increase was not seen in the presence of TFP, an
antagonist of calmodulin [184]. The effect of calcium in
increasing nuclear GTPase activity may be related to
endogenous calmodulin. Calcium in liver cytoplasm is
transported through an energy-dependent mechanism to the
nucleus, and the comparatively higher concentration of
calcium is found in the nucleus [184]. Calmodulin is shown
to be present in liver nucleus [82]. GTPase, which is
activated by Ca2+/calmodulin, may also be localized in
liver nucleus.
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The presence of exogenous regucalcin (0.5 pM) used in
the enzyme reaction mixture caused an inhibitory effect on
GTPase activity in liver nucleus [184]. This effect was also
seen in the presence of EGTA, a chelator of Ca’**. Pre-
sumably, the inhibitory effect of regucalcin on liver nuclear
GTPase activity is revealed independent of Ca**/calmod-
ulin in the nucleus. Regucalcin has been shown to have an
inhibitory effect on the activation of enzymes by Ca®"/
calmodulin due to binding Ca** and/or calmodulin [135—
138]. Regucalcin can inhibit the activity of various
enzymes through the mechanism by which it binds directly
to the enzyme [30, 32]. Regucalcin may directly inhibit
GTPase activity in liver nucleus.

The physiological significance of the inhibitory effect of
regucalcin on GTPase activity in liver nucleus is unknown.
However, the presence of anti-regucalcin monoclonal
antibody in the enzyme reaction mixture caused a signifi-
cant increase in this activity in liver nucleus [184]. This
increase was completely blocked after regucalcin addition,
suggesting that endogenous regucalcin has a suppressive
effect on GTPase activity in liver nucleus. Endogenous
regucalcin, which is localized in liver nucleus, may par-
ticipate in the regulation of nuclear functions that are
related to hydrolysis of GTP.

Regucalcin may be able to regulate a process of signal
transduction from the cytoplasm to nucleus in liver cells.
This process is mediated through various protein kinases.
The role of regucalcin in the regulation of Ca*"-dependent
protein kinase and protein tyrosine phosphatase activities
in isolated liver nucleus is examined [37, 147, 148].
Nuclear Ca®"-dependent protein kinase and protein tyro-
sine phosphatase activities were increased in the presence
of anti-regucalcin monoclonal antibody in the enzyme
reaction mixture, and these increases were completely
abolished after the addition of regucalcin [37]. The trans-
location of regucalcin to the nucleus may play a suppres-
sive role in the regulation of protein kinase and protein
tyrosine phosphatase in liver nucleus [37].

Endogenous regucalcin has been demonstrated to have a
suppressive effect on the enhancement of protein kinase
activity with a proliferation of liver cells [185]. Protein
kinase activity is enhanced in the cytosol and nucleus of
regenerating rat liver [185]. Regucalcin had a suppressive
effect on tyrosine kinase, protein kinase C, and Ca*/cal-
modulin-dependent protein kinase in the cytoplasm and
nucleus of regenerating rat liver [120, 135, 136, 185].

Phosphatase activity toward phosphotyrosine, phospho-
serine, and phosphothreonine is found in the liver nucleus
[148]. Nuclear phosphotyrosine phosphatase activity was
increased after Ca”’" addition in the enzyme reaction
mixture, although the enzyme activity was not altered by
TFP, an inhibitor of calmodulin, or cyclosporine A, an
inhibitor of calcineurin [148]. Nuclear phosphatase activity
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toward phosphotyrosine may be independent of calmodu-
lin. Meanwhile, nuclear phosphatase activity toward
phosphoserine was elevated after the addition of Ca®™,
while the enzyme activity was appreciably decreased by
TFP and cyclosporine A, suggesting that the enzyme
activity is partly involved in Ca®"/calmodulin-dependent
protein phosphatase (calcineurin). Nuclear phosphatase
activity toward phosphothreonine was not altered after the
addition of Ca®", TFP, and cyclosporine A in the enzyme
reaction mixture. Vanadate caused an inhibition of nuclear
phosphatase activity toward phosphotyrosine and phos-
phoserine but not phosphothreonin. Thus, different protein
phosphatases toward phosphotyrosine, phosphoserine, and
phosphothreonine have been shown to be present in liver
nucleus.

The addition of regucalcin in the enzyme reaction
mixture caused a significant decrease in phosphatase
activity toward phosphotyrosine, phosphoserine, and
phosphothreonine in the liver nuclei [148]. Liver nuclear
phosphatase activity toward phosphoamino acids was
assayed using 5-6 mg of nuclear protein per milliliter of
reaction mixture; it contained 275-330 ng of nuclear reg-
ucalcin [148]. The concentration of endogenous nuclear
regucalcin was estimated to be about 82.4-98.8 nM. Fur-
ther addition of exogenous regucalcin (0.25 uM) caused a
significant decrease in nuclear phosphatase activity,
although the effect was saturated with increasing concen-
trations of regucalcin (0.5 uM) [148].

Nuclear phosphatase activity was elevated in the pres-
ence of anti-regucalcin monoclonal antibody (25 and
50 ng/ml of reaction mixture) [148]. This elevation was
completely abolished after addition of regucalcin. Endog-
enous regucalcin may regulate protein phosphatase activity
toward phosphotyrosine, phosphoserine, and phosphothre-
onine in liver nucleus. Regucalcin may have an inhibitory
effect on various protein phosphatases in liver nucleus.

Regucalcin suppresses nuclear DNA and RNA
synthesis

Regucalcin has been shown to have an inhibitory effect on
DNA synthesis activity in the nuclei of normal rat liver
[186]. The inhibitory effect of regucalcin was seen in the
presence of EGTA, a chelator of Ca2+, in the reaction
mixture. Ca>" is present in liver nucleus [186]. Liver
nuclear DNA synthesis activity was increased in the pres-
ence of EGTA in the reaction mixture, suggesting that
Ca”* suppresses DNA synthesis activity in the nucleus.
The effect of regucalcin in inhibiting nuclear DNA syn-
thesis may be not related to Ca®" in liver nucleus.

Liver nuclear DNA synthesis has been shown to stim-
ulate in regenerating rat liver [187]. Nuclear DNA syn-
thesis was markedly increased at 1 day after hepatectomy,

and this increase was also seen at 3 days [187]. Nuclear
DNA synthesis was enhanced in the presence of EGTA
(0.4 mM) in the incubation mixture. The presence of Ca’™
(1.0-25 pM) caused a significant decrease in the nuclear
DNA synthesis of normal rat liver. Regucalcin (0.25 and
0.5 uM) caused an inhibition of nuclear DNA synthesis of
normal rat liver [187]. This inhibition was also seen in the
presence of Ca*™ (1.0 uM). The inhibitory effect of regu-
calcin was remarkable in regenerating rat liver nuclei in
comparison with that of normal rat liver. Regucalcin has
been shown to have a suppressive effect on nuclear DNA
synthesis in regenerating rat liver. Regucalcin may have a
suppressive role in the enhancement of nuclear DNA
synthesis in liver cell proliferation.

Regucalcin has been also shown to have a suppressive
effect on DNA synthesis activity in the nuclei isolated from
rat renal cortex [188]. The addition of regucalcin
(0.1-0.5 pM) in the reaction mixture containing either
EGTA (1 mM) or calcium chloride (50 uM) had an
inhibitory effect on nuclear DNA synthesis activity [188].
The presence of anti-regucalcin monoclonal antibody
(10-50 ng/ml) in the reaction mixture caused a significant
increase in nuclear DNA synthesis activity [188]. This
increase was completely abolished in the presence of reg-
ucalcin (0.5 uM). Endogenous regucalcin has been found
to have a suppressive effect on DNA synthesis in the nuclei
of rat renal cortex [188].

Regucalcin has been shown to have an inhibitory effect
on RNA synthesis in the nuclei isolated from control rat
liver [189] and regenerating rat liver [190]. RNA synthesis
in rat liver nuclei was stimulated after Ca®" addition with a
comparatively lower concentration, although the sub-
micromolar concentration of Ca®* evoked an inhibition of
nuclear RNA synthesis [189]. The addition of Ca** with
higher concentrations has been reported to have an inhib-
itory effect of nuclear RNA synthesis in rat liver cells
[191]. Since liver nuclei contain a DNA endonuclease
activity dependent upon Ca”" in the submicromolar range
and Ca®* causes extensive DNA hydrolysis [180, 182],
nuclear RNA synthesis may be suppressed with higher
Ca*" concentrations. Inactivation of RNA polymerase III
transcription has been shown to be calcium dependent; the
changes in Ca’t concentration, the activation of calpains,
and the consequent proteolytic degradation of RNA of
transcription factors has been suggested to be involved in
the regulation of RNA polymerase III transcription in the
presence of 1 mM Ca’™ [192].

The effect of regucalcin in decreasing nuclear RNA
synthesis activity in normal rat liver was not seen in the
presence of a-amanitin, an inhibitor of RNA polymerase II
and III [189], suggesting that the suppressive effect of
regucalcin on nuclear RNA synthesis activity is partly
resulted from its inhibitory action on RNA polymerase II
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and II [189, 190]. Meanwhile, it has been reported that
Ca”" has a stimulatory effect on RNA synthesis in liver
nucleus [191, 192]. This effect may be partly mediated
through Ca”"-dependent protein kinase [191, 192]. The
stimulatory effect of Ca®" on nuclear RNA synthesis
activity was completely blocked in the presence of regu-
calcin [189, 190]. Regucalcin has been shown to inhibit
Ca”*-dependent protein kinases in rat liver nucleus [185].
Presumably, the effect of regucalcin in decreasing RNA
synthesis activity in liver nucleus is partly involved in its
inhibitory action on the activities of both RNA polymerase
II and 11 and Ca®"-dependent protein kinases. Further
mechanism remains to be elucidated. Regucalcin has been
proposed to have a role as a transcriptional factor in liver
nucleus.

Regucalcin has been found to have a suppressive effect
on liver nuclear DNA and RNA synthesis [186—190]. The
mechanism by which regucalcin inhibits nuclear DNA and
RNA synthesis is not well known. It is speculated that
regucalcin has an inhibitory effect on DNA and RNA
polymerase activity. However, the effect of regucalcin in
inhibiting nuclear RNA synthesis activity is observed in the
presence of a-amanitin, an inhibitor of RNA polymerase II.
Regucalcin can directly bind DNA [179]. Which base pairs
of DNA bind regucalcin remains to be elucidated. It is
possible that regucalcin binds DNA and it has an inhibitory
effect on nuclear DNA and RNA synthesis activity.

Regucalcin suppresses apoptosis mediated
through cell signaling

Regucalcin inhibits NO synthase activity that is related
to apoptosis

Nitric oxide (NO) may be important as a signaling factor in
many cells [122], and it plays a role in apoptosis of hep-
atoma cells [193]. NO mediates apoptosis by D-galactos-
amine in a primary culture of rat hepatocytes [194].
Regucalcin has been shown to inhibit NO synthase that is
related to cell apoptosis [123], suggesting that regucalcin
has a suppressive role in apoptosis [195].

Regucalcin has a suppressive effect on Ca®*/calmodu-
lin-dependent NO synthase in the cloned rat hepatoma H4-
II-E cells [123]. The effect of regucalcin in decreasing NO
synthase activity was also seen in the presence of TFP or
EGTA. Presumably, regucalcin has an inhibitory effect on
NO synthase activity due to binding to calmodulin and/or
the enzyme independently of Ca®" in proliferative cells.

Overexpression of regucalcin has been also shown to
have a suppressive effect on NO synthase activity in H4-II-
E cells (transfectants) [123]. This decrease was completely
abolished in the presence of anti-regucalcin monoclonal
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antibody in the reaction mixture. Moreover, the effect of
Ca”*/calmodulin addition in increasing NO synthase
activity in H4-II-E cells cells (wild type) was completely
prevented in transfectants. Endogenous regucalcin had a
suppressive effect on NO synthase activity the cloned rat
hepatoma H4-II-E cells.

Nitric oxide (NO) synthase activity was enhanced in H4-
II-E cells cultured with 10% FBS as compared with that of
1% FBS [123], suggesting that the enzyme is induced in
proliferative cells. The enhancement of NO synthase
activity in H4-II-E cells cultured with 10% FBS was
abolished in the presence of anti-regucalcin monoclonal
antibody [123]. Regucalcin levels were elevated in H4-1I-E
cells with 10% FBS-culture [123]. Endogenous regucalcin
may have a suppressive effect on the enhancement of NO
synthase activity with proliferation of H4-II-E cells.

A high concentration of NO, which is produced from
inducible NO synthase, has been shown to inhibit cell
proliferation [195] and to induce cell apoptosis [196]. It is
reported that a low concentration of NO, which is produced
from endothelial NO synthase, protects against the cyto-
toxic effects of reaction oxygen species in cells [197].
Whether endogenous regucalcin suppresses NO production
in H4-II-E cells is unknown at present. It is speculated,
however, that regucalcin may inhibit NO production in H4-
II-E cells, since regucalcin can decrease NO synthase
activity in the cells [123]. Endogenous regucalcin may
have an inhibitory effect on inducible and endothelial NO
synthetases in hepatoma cells. Alternatively, regucalcin
may have a physiological role in the regulation of NO-
related cell functions.

Regucalcin suppresses various factors-induced cell
death and apoptosis in liver cells

Tumor necrosis factor o (TNF-o) and NO mediate apop-
tosis by D-galctosamine in a primary culture of rat hepa-
tocytes [194, 195]. TNF-« induces apoptosis in mammary
adenocarcinoma cells by an increase in intranuclear free
Ca>" concentration and DNA fragmentation [195]. H4-1I-E
cells with subconfluent monolayer cells were cultured in a
medium without FBS in the presence of TNF-a. TNF-o
(0.1-10 ng/ml) caused a significant decrease in the number
of H4-II-E cells (wild type), inducing cell death. Over-
expressing of regucalcin in H4-1I-E cells (transfectants) has
been found to prevent the effect of TNF-o in decreasing
cell number [198]. Overexpression of regucalcin had a
preventive effect on cell death induced with the higher
concentration of TNF-o (10 ng/ml). This finding demon-
strates that overexpression of regucalcin has a suppressive
effect on cell death induced by stimulation of TNF-a [198].

Culture with NAME, an inhibitor of NO synthase, had a
significant preventive effect on TNF-o-induced cell death.
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Regucalcin inhibits Ca®"/calmodulin-dependent NO syn-
thase activity in H4-II-E cells [123]. The suppressive effect
of regucalcin on cell death may be partly resulted from the
inhibition of NO production, which can induce apoptosis,
stimulated after TNF-o stimulation in H4-II-E cells.

The effect of caspase inhibitor on TNF-a-mediated cell
death in H4-II-E cells is examined [198]. TNF-o-induced
cell death was prevented in culture with caspase inhibitor
in wild-type cells and transfectants, suggesting that TNF-o-
induced cell death is partly involved activation of caspases
in H4-II-E cells. Regucalcin may have an inhibitory effect
on activation of caspases in the cells.

Lipopolysaccharide (LPS) has been shown to induce cell
apoptosis [199, 200]. H4-1I-E cells with the subconfluent
monolayer were cultured in a medium without FBS in the
presence of LPS. LPS caused a decrease in the number of
H4-1I-E cells (wild-type), inducing cell death and apoptosis
[201]. This decrease was completely prevented in the
regucalcin cDNA-transfected hepatoma cells overexpress-
ing regucalcin with culture for 1248 h [201]. Overex-
pression of regucalcin has a suppressive effect on
LPS-stimulated cell death and apoptosis.

LPS acts to modulate the expression of a large number
of genes that favor apoptosis of fibroblastic cells that are
dependent upon activation of caspase-8 [200]. There is
evidence that LPS-induced cell death is mediated through
accumulation of reactive oxygen species and activation of
p38 in rat cortex and hippocampus [200]. Culture with LPS
caused a significant decrease in Ca”"/calmodulin-depen-
dent NO synthase activity in H4-II-E (wild type) cells
[201]. LPS-induced decrease in NO synthase activity was
found to prevent in the transfectants overexpressing regu-
calcin [201]. LPS-induced cell death may be not result
from NO production in hepatoma cells, and the suppressive
effect of regucalcin on LPS-induced cell death is not
involved in NO in the cells. Moreover, LPS-induced cell
death was prevemted in culture with caspase-3 inhibitor
[201]. The effect of regucalcin in suppressing LPS-induced
cell death is partly related to the inhibitory effect on cas-
pase-3 in hepatoma cells.

An induction of apoptosis is partly mediated through
pathway of protein kinase. The death of H4-II-E cells (wild
type) has been found to be induced in culture with
PD98059, a ERK inhibitor, dibucaine, an inhibitor of Ca>*-
dependent protein kinase, or staurosporine, a potent
inhibitor of protein serine/threonin kinases (protein kinase
C), suggesting that various inhibitors-induced cell deaths
are partly involved in the inhibition of protein kinases
[201]. Overexpression of regucalcin in H4-II-E cells res-
cued cell death with PD98059 or dibucaine [201]. Such an
effect was not observed with staurosporine. PD98059
induces apoptosis, which is in part due to the inactivation
of Bcl-2 by increasing phosphorylated Bcl-2 in human

prostate cancer cells [202]. Dibucaine has been shown to
activate various caspases, such as caspase-3, -6, -8, and -9
(-like) activities, but not caspase-1 (-like) activity, and to
induce mitochondrial membrane depolarization and the
release of cytochrome C from mitochondria into the cyto-
sol in leukemia cells (HL-60) [203]. Staurosporine induces
apoptosis in Chang liver cells by a mitochondria-caspase-
dependent pathway, which is closely correlated with a
decrease in Bcl-2 and Bcl-XL levels in cancer cells [204].
Regucalcin may partly inhibit the inactivation of Bcl-2 or
the activation of caspases in signaling mechanism that
PD98059 or dibucaine induces apoptosis.

Calcium channel blockers, the endoplasmic reticulum
Ca*"-ATPase inhibitor thapsigargin and calcium iono-
phores are potent to lead several cell types to apoptosis
[205, 206]. Thapsigargin is an inhibitor of Ca*"-ATPase in
the endoplasmic reticulum (Ca2+ store) in cells, and
treatment with thapsigargin causes an elevation of sus-
tained Ca>" concentration in cells and induces apoptosis in
the hepatoma cells [207]. Experiments on nucleus isolated
from cells clearly demonstrate the induction of Ca®'-
dependent endonuclease activity during triggering apopto-
sis events [207]. Rises in intracellular Ca>" concentration
are believed to activate this nuclease and to mediate DNA
cleavages into oligonucleosome fragments [208]. Regu-
calcin has been shown to have an inhibitory effect on Ca®*-
activated DNA fragmentation in isolated rat liver nucleus
[182], suggesting that the protein has an inhibitory effect
on apoptosis in liver cells. Thapsigargin induces cell death
and apoptosis causing DNA fragmentation [202]. Thapsi-
gargin-induced DNA fragmentation in the hepatoma cells
is not altered in culture with caspase inhibitor, suggesting
that thapsigargin-mediated apoptosis is independent of
activation of caspases [202]. Overexpression of regucalcin
in the hepatoma cells has been found to suppress DNA
fragmentation induced by thapsigargin [202]. This effect
was not further enhanced in culture with caspase inhibitor
[202]. Presumably, regucalcin has a suppressive effect on
thapsigargin-mediated cell death due to preventing the rise
in intracellular Ca®>" concentration in the hepatoma cells,
since the protein can keep intracellular Ca®>" homeostasis
due to activating Ca®" pum enzymes in the plasma mem-
branes, mitochondria, and endoplasmic reticulum of rat
liver cells [30-33].

Calcium entry into cells induces cell death [202, 209].
Culture with Bay K 8644, an antagonist of Ca*" entry in
cells, caused a significant increase in the death of hepatoma
H4-1I-E cells (wild-type) [202]. Culture with Bay K 8644
did not induce cell death of transfectants (H4-II-E cells)
overexpressing regucalcin [202]. Overexpression of regu-
calcin in H4-II-E cells was found to suppress DNA frag-
mentation induced by Bay K 8644. Regucalcin may have a
suppressive effect on Ca’*" entry-induced stimulation of
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apoptosis in the hepatoma cells [202]. Regucalcin has a
suppressive effect on Ca®* entry-mediated cell death due to
preventing the rise in intracellular Ca** concentration in
the hepatoma cells. In addition, regucalcin may suppress
the effect of Ca>™ on DNA fragmentation in the nucleus of
H4-II-E cells.

The effect of insulin or IGF-I on cell death and apoptosis
in H4-II-E cells has not been well known. H4-II-E cells
were cultured in a medium containing, either vehicle,
insulin, insulin-like growth factor-I (IGF-I), epinephrine, or
transforming growth factor-f in the absence of FBS [210].
The number of wild-type cells was decreased in the pres-
ence of insulin or IGF-I [210]. Agarose gel electrophoresis
showed the presence of low-molecular-weight DNA frag-
ments of adherent wild-type cells cultured with insulin or
IGF-I [210]. The effect of insulin or IGF-I in stimulating
cell death and DNA fragmentation H4-II-E cells (wild
type) was prevented in transfectants overexpressing regu-
calcin [210].

The effect of insulin in decreasing the number of H4-II-
E cells was prevented in the presence of caspase-3 inhibitor
[210]. The effect of IGF-I on cell death, however, was also
observed in the presence of caspase-3 inhibitor [210].
These observations suggest that the effect of insulin on cell
death is involved in activation of caspase-3, and that the
effect of IGF-I is not dependent on caspase-3 in H4-II-E
cells. The effect of IGF-I in inducing cell death in the
presence of caspase-3 inhibitor was completely blocked in
transfectants overexpressing regucalcin [210], suggesting
that regucalcin inhibits signaling pathway of IGF-I-induced
cell death that is not mediated through caspase-3 in H4-1I-E
cells.

The effect of insulin or IGF-I in inducing cell death and
apoptosis of H4-II-E cells was not observed in the presence
of NAME, an inhibitor of NO synthase [210], suggesting
that insulin- or IGF-induced cell death is partly involved in
production of NO in H4-II-E cells. Overexpression of
regucalcin has been shown to have a suppressive effect on
activation of Ca”**/calmodulin-dependent NO synthase in
H4-1I-E cells [123].

The effect of IGF-I in inducing cell death of H4-II-E
cells was also observed in the presence of Bay K 8644
[210]. Such an effect was not seen in the case of insulin
[210]. The mode of IGF-I action differs from that of
insulin. It is assumed that insulin induces cell death that is
partly mediated through intracellular calcium-dependent
signaling pathway in H4-II-E cells, and that IGF-I may not
be mediated through calcium-dependent signaling pathway
in H4-1I-E cells. The effect of IGF-I in inducing cell death
in the presence of Bay K 8644 was not observed in
transfectants overexpressing regucalcin [210].

Genistein has an inhibitory effect on protein tyrosine
kinases and it can produce cell cycle arrest and apoptosis in

@ Springer

leukemic cells [211]. Genistein was found to induce cell
death of H4-II-E cells, and the effect was not seen in the
transfectants overexpressing regucalcin [210]. Genistein-
induced cell death is partly mediated through inhibition of
protein tyrosine kinase in H4-II-E cells. Regucalcin has an
inhibitory effect on protein tyrosine kinase activity in the
cytoplasm and nucleus of rat liver [185].

The effect of insulin in inducing cell death of H4-II-E
cells was not seen in the presence of genistein [210],
although such an effect was seen in the case of IGF-1. The
effect of IGF-I on cell death in the presence of genistein
was prevented in transfectants overexpressing regucalcin
[210]. Regucalcin has a suppressive effect on cell apoptosis
that is mediated through signaling pathways with depen-
dent or independent on protein tyrosine kinase.

Vanadate is an inhibitor of protein tyrosine phosphatase
in cells [142]. Regucalcin has been shown to have an
inhibitory effect on protein tyrosine phosphatase activity in
the cytoplasm and nucleus of rat liver [147]. Vanadate was
found to induce cell death of H4-II-E cells [210], sug-
gesting that cell death is not caused by mechanism that is
mediated through inhibition of protein tyrosine phospha-
tase activity. Vanadate induced cell death for transfectants
overexpressing regucalcin [210], suggesting that the sup-
pressive effect of regucalcin on cell death of H4-II-E cells
is independent on protein phosphatase. IGF-I had a stim-
ulatory effect on cell death of H4-II-E cells overexpressing
regucalcin in the presence of vanadate [210], suggesting
that the effect of IGF-I is not mediated through protein
tyrosine phosphatase in the transfectants.

The effect of insulin in inducing cell death may be partly
mediated through signaling pathway which is involved in
caspase-3, calcium, NO, protein tyrosine kinase, or protein
tyrosine phosphatase in H4-1I-E cells. The effect of IGF-I
on cell death of H4-II-E cells may be mediated through NO
and other molecules. Overexpression of regucalcin may
have a suppressive effect on signaling mechanism by
which insulin or IGF-I induces cell death of H4-II-E cells.

Sulforaphane is an isothiocyanate that is present naturally
in widely consumed vegetables and has a particularly high
concentration in broccoli. This compound has been shown to
block the formation of tumors initiated by chemicals in the
rat[212]. Sulforaphane has been shown to induce a cell cycle
arrest, followed by cell death in HT29 human colon cancer
cells [212]. Sulforaphane increases expression of the pro-
apoptotic protein Bax, the release of cytochrome C from the
mitochondria to the cytosol, and the proteolytic cleavage of
poly (ADP-ribose) polymerase in HT29 human colon cancer
cells [212]. In human T-cell leukemia, sulforaphane induces
apoptosis due to increased p53 and Bax protein expression,
and slightly affected Bcl-2 expression [213]. In cultured PC-
3 human prostate cancer cells, moreover, sulforaphane-
induced apoptosis is associated with up-regulation of Bax,
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down-regulation of Bcl-2 and activation of caspase-3, -9, and
-8 [214]. Sulforaphane has been found to induce cell death
and apoptosis in H4-II-E cells [215]. Caspase-3 inhibitor
prevented the effect of sulforaphane, while it was not
inhibited by NAME, an inhibitor of NO synthase, in H4-1I-E
cells [215]. Sulforaphane-induced cell death and apoptosis
partly result from activation of caspase-3 in the hepatoma
cells.

Overexpression of regucalcin had a suppressive effect
on cell death and apoptosis induced by sulforaphane in H4-
II-E cells [215]. The suppressive effect of regucalcin on
sulforaphane-induced cell death and apoptosis in H4-II-E
cells may be partly involved in the molecules of Bax, cy-
tichrome C, caspase, and Bcl-2. In addition, regucalcin
may have an inhibitory effect on NO synthase and Ca®'-
dependent endonuclease activities in H4-II-E cells [123].
Regucalcin has a suppressive effect on many signaling
pathways that mediate apoptotic cell death.

As mentioned above, regucalcin has been shown to play
arole in the regulation of cell death and apoptosis in H4-1I-
E cells [198, 201, 210]. Overexpression of regucalcin has
been demonstrated to have a suppressive effect on cell death
and apoptosis induced by TNF-o, LPS, thapsigargin, Bay K
8644, dibucaine, or PD98059, an inhibitor of protein thy-
rosine kinase, insulin, or IGF-I in H4-1I-E cells [198, 201,
210]. The signaling mechanisms that TNF-«, LPS, or other
factors mediate cell death and apoptosis may be different.
The suppressive effect of regucalcin on apoptotic cell death
is related to its inhibitory effect on the activities of various
protein kinases, NO synthase, caspase-3, or Ca*"-depen-
dent endonuclease, and its activatory effect on Bcl-2.
Regucalcin has a suppressive effect on many signaling
pathways that mediate cell death and apoptosis, and the
protein suppresses cell death and apoptosis mediated
through many different signaling pathways in H4-II-E cells.

Regucalcin has a suppressive effect on cell apoptosis
in kidney cells

Regucalcin has been shown to express in the cloned normal
rat kidney proximal tubular epithelial NRK52E cells and its
expression is enhanced after hormonal stimulation [216].
Nuclear localization of regucalcin is enhanced after hor-
mone stimulation in NRKS52E cells [178]. The role of
regucalcin in cell death and apoptosis is examined using
NRKS2E cells overexpressing regucalcin [217]. The
number of wild-type cells was decreased with culture for
42-72 h in the presence of TNF-a, LPS, Bay K 8644, or
thapsigargin [217]. These effects were prevented in trans-
fectants overexpressing regucalcin. DNA fragmentation
induced after culture with LPS, Bay K 8644, or thapsi-
gargin were prevented in transfectants overexpressing
regucalcin [217]. Thus, overexpression of regucalcin has a

suppressive effect on apoptotic cell death induced by TNF-
o, LPS, Bay K 8644, or thapsigargin in kidney NRK52E
cells. The effect of regucalcin in suppressing apoptotic cell
death may be mediated through its action on many intra-
cellular signaling pathways in NRK52E cells.

Bcl-2 is a suppressor in apoptotic cell death [218]. Apaf-
1 participates in activation of caspase-3 [219]. Akt-1
involves in survival signaling pathway for cell death [220].
Overexpression of regucalcin caused a remarkable eleva-
tion of Bcl-2 mRNA expression in NRK52E cells, and it
slightly stimulated Akt-1 mRNA expression in the cells.
Apaf-1, caspase-3, or G3PDH mRNA expressions were not
significantly altered in transfectants [217]. Presumably, the
enhancement of Bcl-2 mRNA expression contributes to the
suppression of apoptotic cell death in NRKS52E cells
overexpressing regucalcin. Regucalcin may play a role in
the regulation of Bcl-2 gene expression in NRKS52E cells.

TNF-a enhanced the expression of caspase-3 mRNA in
NRKS52E cells [217]. This enhancement was found to
suppress in transfectants [217], suggesting that the mech-
anism by which regucalcin suppresses TNF-a-induced cell
death is partly related to the decrease in caspase-3 mRNA
expression in transfectants.

The presence of LPS caused a significant decrease in
Bcl-2 mRNA levels in NRKS52E cells, suggesting that this
decrease is partly related to LPS-induced cell death [217].
The enhancement of Bcl-2 mRNA expression induced by
overexpression of regucalcin was also seen in the presence
of LPS [217]. LPS-stimulated expression of Apaf-1 mRNA
was suppressed after overexpression of regucalcin [217].
This may partly involve in the suppression of LPS-induced
cell death in NRKS52E cells overexpressing regucalcin.

Culture with Bay K 8644 or thapsigargin was found to
cause a significant increase in caspase-3 mRNA levels in
wild-type cells, indicating that the increased gene expres-
sion partly contributes to inducing apoptotic cell death
[217]. This increase was completely prevented in trans-
fectants. Regucalcin may have a suppressive effect on
caspase-3 mRNA expression enhanced by Bay K 8644 or
thapsigargin in NRKS52E cells. Thus, regucalcin was found
to regulate the expression of Bcl-2, caspase-3, and Akt-1
mRNAs in the cloned normal rat kidney NRKS52E cells. The
change in protein levels, however, remains to be elucidated.

Toxic factors have been reported to induce renal failure
due to stimulating apoptotic cell death [221]. Overexpres-
sion of regucalcin was found to have a suppressive effect
on apoptotic cell death induced by various factors
(including TNF-o, LPS, Bay K 8644, or thapsigargin) in
NRKS52E cells. Regucalcin may have a role as a suppressor
in the development of apoptotic cell death in kidney
proximal tubular epithelial cells. Presumably, regucalcin
plays a physiological role in the maintenance of homeo-
stasis of cellular response for cell stimulation.
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Fig. 2 Regucalcin has a role as suppressor in cell death and apoptosis
induced by various factors. Regucalcin suppresses cell death induced
by various factors (including TNF-«, insulin, IGF-I, LPS, PD98059,
dibucaine, thapsigargin, Bay K 8644, or sulforaphane). The

Conclusion

Overexpression of regucalcin rescues cell death and
apoptosis induced in culture with various factors in the
hepatoma cells and normal kidney cells. The cell signaling
mechanisms, that these factors mediate cell death and
apoptosis, may be different. Regucalcin may have a sup-
pressive effect on many signaling pathways that mediate
cell death and apoptosis, as is summarized in Fig. 2. The
suppressive effect of regucalcin on cell death and apoptosis
may be related to the inhibitory effect on the activities of
NO synthase, caspase-3, or Ca*"-dependent endonuclease
and its activatory effect on Bcl-2. Moreover, regucalcin has
regulatory effects on gene expression of many molecules
that are related to cell apoptosis. Regucalcin plays an
important role as a regulatory protein in intracellular sig-
naling pathway which is related to cell death and apoptosis.

Regucalcin suppresses cell proliferation
Regucalcin mRNA and its protein are expressed in the
cloned rat hepatoma H4-II-E cells, although these expres-

sions show low levels as compared to that in the cytosol of
normal rat liver [50, 51]. The expression of regucalcin
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suppressive effect of regucalcin on cell death and apoptosis is
mediated due to inhibiting the activities of NO synthase, caspase-3,
and Ca”"-dependent endonuclease and activating Bcl-2 in the cells

mRNA is stimulated in H4-II-E cells after culture with
addition of serum (10% FBS) [50, 51], suggesting that
regucalcin plays a role in the proliferation of cells. Regu-
calcin has been demonstrated to have a role as suppressor
in the enhancement of proliferation of liver cells in vitro.
This section describes the mechanism by which regucalcin
has a suppressive effect on cell proliferation using H4-1I-E
cells.

Regucalcin suppresses the enhancement of protein
kinase activity in cell proliferation

The role of endogenous regucalcin in the regulation of
protein kinase activity in the proliferation of H4-II-E cells
is examined [222]. H4-II-E cells were cultured for 672 h
in the presence of FBS (1 or 10%). The number of cells and
protein kinase activity in the 5,500g supernatant of cell
homogenate was increased 24 and 48 h after the culture
with FBS (1 or 10%); the culture with 10% FBS had potent
effect as compared with that of 1% FBS [222]. The culture
with FBS produced an increase in protein kinase activity
and a corresponding elevation of cell number in H4-1I-E
cells [222]. The increase in protein kinase activity of the
5,500g supernatant of cell homogenate preceded a signifi-
cant elevation of cell number, suggesting that serum factors
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(including growth factors and hormones) stimulate cell
proliferation that is partly mediated through cascades of
protein kinases.

Serum-stimulated protein kinase activity in H4-1I-E
cells was further enhanced in the presence of calmodulin or
dioctanoylglycerol in the presence of calcium chloride, and
this increase was inhibited in the presence of trifluopera-
zine, staurosporine, or genistein in the enzyme reaction
mixture [222], indicating that Ca2+/calm0dulin-dependent
protein kinase, protein kinase C, and protein tyrosine
kinase are present in H4-II-E cells [222]. Various protein
kinases may be involved in the enhancement of cell pro-
liferation with serum stimulation.

The presence of anti-regucalcin monoclonal antibody in
the enzyme reaction mixture containing the 5,500g super-
natant of cell homogenate of H4-II-E cells with FBS
caused a significant increase in protein kinase activity
[222]. This effect was completely abolished after the
addition of exogenous regucalcin, which has an inhibitory
effect on the enzyme activity [222]. This finding indicates
that endogenous regucalcin plays a suppressive role in the
enhancement of protein kinase activity in the cytoplasm in
H4-1I-E cells with cell proliferation. The anti-regucalcin
monoclonal antibody-increased protein kinase activity in
H4-1I-E cells was inhibited in the presence of trifluoper-
zine, staurosporine, or genistein, suggesting that endoge-
nous regucalcin inhibits Ca®*/calmodulin-dependent
protein kinase, protein kinase C, or protein tyrosine kinase
activities [222].

Serum stimulation may lead to an increase in cell pro-
liferation that is partly mediated through cascade for var-
ious protein kinases in H4-1I-E cells [222]. Regucalcin may
have a suppressive effect for overexpression of cell pro-
liferation due to inhibiting various protein kinases in the
cytoplasm and nucleus of H4-II-E cells. Presumably, reg-
ucalcin plays a role as suppressor protein in cell prolifer-
ation of normal liver cells and hepatoma cells.

Regucalcin suppresses the enhancement of protein
phosphatase activity in cell proliferation

Regucalcin has been shown to have an inhibitory effect on
protein phosphatase activity in the cytoplasm of rat liver
[147, 148]. H4-II-E cells were cultured for 3 days in a
medium containing serum (10% FBS). After subconfluen-
cy, the cells were used for the assay of protein phosphatase
activity toward phosphotyrosine. Ca**/calmodulin-depen-
dent protein tyrosine phosphatases were present in H4-1I-E
cells [223]. Regucalcin had an inhibitory effect on Ca*/
calmodulin-dependent protein tyrosine phosphatase activ-
ity in the cells [223]. The culture with Bay K 8644, an
agonist of Ca”" channels, caused an elevation of protein

tyrosine phosphatase in H4-II-E cells, whereas dibutyryl
cyclic AMP had no effect [223]. Bay K 8644-induced
increase in protein phosphatase activity was inhibited in the
presence of TFP, indicating that this increase is mediated
through Ca?*/calmodulin in hepatoma cells [223]. The
effect of antibody was enhanced in the presence of TFP
[223]. This enhancement may result from an increase in
endogenous regucalcin in H4-II-E cells, since the expres-
sion of regucalcin mRNA in H4-II-E cells is stimulated
after the culture with Bay K 8644 [223]. This finding may
support the view that endogenous regucalcin, which is
enhanced through Ca®" signaling, has a suppressive effect
on Ca”?*/calmodulin-activated protein phosphatase activity
in proliferative cells.

The presence of anti-regucalcin monoclonal antibody in
the enzyme reaction mixture caused a remarkable elevation
of protein tyrosine phosphatase activity in the cell
homogenate (5,500g supernatant) of H4-1I-E cells cultured
with serum addition (1 or 10% FBS) [224]. This elevation
was completely prevented after the addition of regucalcin
[224]. Endogenous regucalcin may have a suppressive
effect on the enhancement of protein tyrosine phosphatase
activity in the proliferative cells.

There may be many protein phosphatases in hepatoma
H4-1I-E cells. The antibody-increased protein tyrosine
phosphatase activity was also inhibited by okadaic acid or
vanadate, which is an inhibitor of protein phosphatases
[142], although cyclosporine A, an inhibitor of calcineurin
(protein phosphatase) [225], had no effect [224]. Endog-
enous regucalcin may also act on okadaic acid or vana-
date-sensitive protein tyrosine phosphatases in H4-II-E
cells.

The culture with serum addition (10% FBS) caused an
increase in proliferation of H4-II-E cells and a corre-
sponding elevation of protein tyrosine phosphatase activity
in the cells [224]. This finding suggests that the augmen-
tation of protein tyrosine phosphatase activity is partly
involved in the proliferation of H4-II-E cells, although
protein phosphatase activity toward phosphoserine and
phosphothreonine was not raised in the proliferative cells
cultured with serum addition [224].

Processes that are reversibly controlled by protein
phosphorylation require not only a protein kinase but also a
protein phosphatase [142, 226]. Target proteins are phos-
phorylated at specific sites by one or more protein kinases
and these phosphoproteins are removed by specific protein
phosphatase [225].

As mentioned above, regucalcin may play an important
role as a suppressor for the enhancement of cell prolifer-
ation due to inhibiting various protein kinases and protein
phosphatases activities that are raised in the proliferation of
H4-II-E cells.
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Regucalcin suppresses the enhancement of DNA
synthesis in cell proliferation

Endogenous regucalcin has a suppressive effect on the
enhancement of DNA synthesis in the nuclei of H4-1I-E
with cell proliferation [227]. Cells were cultured for 6-96 h
in medium containing FBS (1 or 10%). Cell number was
increased between 24 and 96 h; cell proliferation was
markedly stimulated after culture with 10% FBS as com-
pared with that of 1% FBS [227]. Nuclear DNA synthesis
activity in vitro was elevated 6 h after culture with 10%
FBS and its elevation was remarkable at 12 and 24 h after
the culture [227]. The increase in nuclear DNA synthesis
activity preceded an elevation of the number of the cloned
rat hepatoma cells H4-II-E cells cultured with FBS (1 or
10%) [227].

The increase in nuclear DNA synthesis activity at 12 and
24 h after culture with FBS was inhibited in the presence of
PD98059, an inhibitor of MAP kinase, staurosporine, an
inhibitor of protein kinase C, and TFP, an antagonist of
Ca”*/calmodulin-dependent protein kinase, in the reaction
mixture [227]. The increase in nuclear DNA synthesis
activity after serum stimulation may be partly mediated
through action of various protein kinases in the nuclei of
H4-1I-E cells. However, serum-stimulated increase in
nuclear DNA synthesis activity was not related to various
protein phosphatases [227].

Regucalcin has been shown to transport in the nucleus of
rat liver [37, 148], and it can inhibit nuclear DNA synthesis
of normal rat liver [186, 187]. The presence of regucalcin
in the reaction mixture caused a decrease in DNA synthesis
activity in the nuclei of H4-II-E cells cultured with FBS
[227]. This effect was not altered in the presence of various
protein kinase inhibitions. Regucalcin has been demon-
strated to inhibit the activity of various protein kinases in
the nuclei of liver cells [185, 222]. The effect of regucalcin
in decreasing nuclear DNA synthesis activity may be partly
mediated through the pathway of various protein kinases in
H4-1I-E cells.

Nuclear DNA synthesis activity was increased in the
presence of anti-regucalcin monoclonal antibody in the
reaction mixture containing the nucleus of H4-II-E cells
cultured for 24 h with 10% FBS [227]. This elevation was
inhibited after addition of various protein kinase inhibitors
in the reaction mixture [227]. These findings support the
view that endogenous regucalcin suppresses DNA synthe-
sis activity through mechanism by which it inhibits nuclear
protein kinases, and that it has a suppressive effect on DNA
synthesis activity in the nuclei of H4-II-E cells with
proliferation.

The transcriptional activity for regucalcin gene has been
shown to enhance in H4-II-E cells cultured with Bay K
8644, an agonist of Ca>" entry in cells, in the presence of
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10% FBS [44, 51]. Culture with Bay K 8644 caused an
increase in regucalcin levels in H4-II-E cells that were
cultured in the presence of FBS (1 and 10%) [227]. In this
case, nuclear DNA synthesis activity was not changed after
culture with Bay K 8644 [227]. The presence of anti-reg-
ucalcin monoclonal antibody in the reaction mixture con-
taining the nuclei of H4-II-E cells cultured with Bay K
8644 resulted in an elevation of nuclear DNA synthesis
activity [227], suggesting that nuclear DNA synthesis
activity is suppressed through endogenous regucalcin that
is increased in the nuclei of H4-1I-E cells cultured with Bay
K 8644.

As mentioned above, regucalcin may have a suppressive
effect on the enhancement of nuclear DNA synthesis
activity in proliferative cells, and it may play a suppressive
role for overexpression of cell proliferation. This was fur-
ther supported in H4-II-E cells overexpressing regucalcin
stably [228].

The regucalcin content of regucalcin/pCXN2-trans-
fected cells used in this study was 19.7-fold as compared
with that of the parental wild-type H4-II-E cells and
pCXN?2 vector-transfected cells (mock type) [228]. Regu-
calcin/pCXN?2 vector-transfected cells (transfectants) were
cultured for 72 h in the presence of FBS (10%) [228]. Cell
numbers and DNA synthesis activity in the transfectants
were found to suppress as compared with those of wild and
mock type, suggesting that overexpression of regucalcin
has a suppressive effect on cell proliferation [228].

The presence of anti-regucalcin monoclonal antibody in
the reaction mixture caused an increase in DNA synthesis
activity in the nuclei obtained from wild-type H4-II-E
cells, mock-type cells, and transfectants with overexpres-
sion of regucalcin [228]. However, the augmentation of
nuclear DNA synthesis activity was remarkable in the
transfectants [228]. This may support the view that
endogenous regucalcin has a great suppressive effect on
nuclear DNA synthesis activity.

The expression of regucalcin mRNA has been shown to
stimulate through a Ca**-signaling mechanism in H4-II-E
cells [41, 51]. Regucalcin is translocated to the nucleus of
liver cells [37, 149]. Regucalcin inhibits nuclear protein
kinase and protein phosphatase activities [222, 223], which
are involved in signal transduction to the nucleus, and it
causes an inhibition in nuclear DNA synthesis in prolifer-
ative liver cells [227]. Regucalcin may play a suppressive
role for the overexpression of proliferation of liver cells.

Regucalcin suppresses cell cycle-related genes
in proliferative cells

Regucalcin has a suppressive effect on liver cell proliferation
[222-224]. Whether regucalcin suppress cell cycle-related
genes is examined in proliferative cells [229]. H4-1I-E cells
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(wild type) and stable regucalcin/pCXN?2 transfectants were
cultured for 72 h in a medium containing 10% FBS to obtain
subconfluent monolayers. The proliferation of cells was
suppressed in transfectants cultured for 24—72 h. The pro-
liferation of wild-type cells was inhibited when the cells
were cultured for 72 hin a medium containing an inhibitor of
transcriptional activity or protein synthesis. Such an effect
was not seen in transfectants [229]. Regucalcin has a sup-
pressive effect on cytosolic protein synthesis [162, 163] and
nuclear RNA synthesis [189, 190] in rat liver. If overex-
pression of regucalcin inhibits protein and RNA synthesis in
transfectants, the inhibitors of transcriptional activity or
protein synthesis may not have additional effect. This sug-
gests that the effect of regucalcin in suppressing cell prolif-
eration is partly mediated through its suppressive effect on
protein and RNA synthesis in the cells.

Regucalcin has an inhibitory effect on various protein
kinases in rat liver cytosol and nucleus [135, 140, 185,
222]. The proliferation of H4-II-E cells (wild type and
transfectants) was inhibited in the presence of PD98059,
dibucaine, staurosporine, or genistein, which is an inhibitor
of various protein kinases [229]. The effect of regucalcin in
suppressing cell proliferation may be partly related to its
inhibitory effect on MAP kinase, Ca?*/calmodulin-depen-
dent kinase, and protein tyrosine kinase in H4-II-E cells.

Wortmannin is known to have an inhibitory effect on
PI3-kinase. The proliferation of H4-II-E cells (wild type)
was inhibited in the presence of wortmannin, an inhibitor
of PI3-kinase, or vanadate, an inhibitor of protein tyrosine
phosphatase [229]. These effects were not observed in
transfectants [230]. Regucalcin may inhibit PI3-kinase and
protein tyrosine phosphatase activities, and those inhibitory
effects may partly contribute to the suppression of prolif-
eration in H4-1I-E cells.

Bay K 8644 is an agonist of calcium entry into cells. The
proliferation of H4-II-E (wild type) was inhibited in the
presence of Bay K 8644 [229]. This effect of Bay K 8644
was not seen in transfectants [229], because regucalcin has
a role in the maintenance of intracellular calcium homeo-
stasis in many cell types [Review in Ref. 230].

Overexpression of regucalcin has been found to suppress
the inhibitory effect of various factors, which induce cell
cycle arrest, on the proliferation of H4-II-E cells (wild
type) [229]. The effect of roscovitine, a potent and selec-
tive inhibitor of the cyclin-dependent kinase cdc2, cdk2m,
and cdk5 [231], or sulforaphane, which can induce G2/M
phase cell cycle arrest [232], in inhibiting the proliferation
of wild-type cells was not observed in transfectants [229].
Sulforaphane with a higher concentration caused a
decrease in cell number of transfectants, suggesting that the
chemical induces cell death and apoptosis (unpublished
data). Butyrate induced an inhibition of the proliferation of

wild-type cells and transfectants. Roscovitine can arrest in
Gl and accumulate in G2 of cell cycle [231]. Butyrate
induces an inhibition of G1 progression [233]. The inhib-
itory effect of roscovitine or sulforaphane on cell prolif-
eration may not be seen in transfectants, if regucalcin has a
suppressive effect on the same pathway which roscovitine
or sulforaphane has an inhibitory effect on cell prolifera-
tion. Presumably, regucalcin induces G1 and G2/M phase
cell cycle arrest in H4-1I-E cells.

The expression of p21 mRNA has been found to enhance
in transfectants overexpressing regucalcin, although cdc2a
and chk2 (checkpoint-kinase 2) mRNA levels are not
changed in transfectants [230]. p21 is an inhibitor of cyclin-
dependent kinases (cdk) [234]. Regucalcin may enhance p21
expression and it inhibits G1 progression in H4-II-E cells. It
cannot exclude the possibility, however, that regucalcin
directly inhibits cdk activity in the cells.

Overexpression of regucalcin suppressed the expression
of IGF-I mRNA in H4-II-E cells [229]. IGF-I is a growth
factor in cell proliferation. Regucalcin may have a sup-
pressive effect on IGF-I expression in H4-1I-E cells, and
this suppression of IGF-I expression leads to retardation of
cell proliferation.

Regucalcin modulates tumor-related gene expression
in proliferative cells

It is known that c-myc, c-fos, c-jun, and Ha-ras are tumor
stimulator genes [235]. p53 and Rb are tumor suppressor
genes and c-src is oncogene [233]. The expression of
c-myc, Ha-ras, or c-src mRNAs was found to suppress
transfectants overexpressing regucalcin [179, 236]. The
expression of p53 and Rb mRNAs was markedly enhanced
in transfectants overexpressing regucalcin [179]. Presum-
ably, the suppression of c-myc, Ha-ras, and c-src mRNAs
expressions and the enhancement of p53 and Rb mRNAs
expression in transfectants overexpressing regucalcin is
partly involved in the retardation of proliferation of hepa-
toma H4-II-E cells.

The mechanism by which regucalcin regulates the
expression of genes related to tumor is unknown. Regu-
calcin has been shown to translocate into the nucleus of rat
liver [37, 148], and the protein has an inhibitory effect on
RNA synthesis in isolated rat liver nucleus [189, 190].
Regucalcin can bind DNA and modulates nuclear tran-
scriptional activity [179]. Regucalcin may bind to promoter
region of tumor-related genes and it may suppress the
expression of tumor stimulator gene or stimulate the
expression of tumor suppressor gene in H4-II-E cells
overexpressing regucalcin. As a result, the proliferation of
hepatoma cells overexpressing regucalcin may be
suppressed.
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The expression of regucalcin is reduced in the cloned rat
hepatica H4-II-E cells as compared with that of normal rat
liver interestingly [222], suggesting an involvement of
regucalcin in the suppression of carcinogenesis. The down-
regulation of regucalcin expression in liver cells may lead
to stimulation of cell proliferation with alteration of various
tumor-related gene expressions. Regucalcin may play an
important role as suppressor in cell proliferation and
tumorigenesis of liver cells.

Regucalcin suppresses cell proliferation in normal
kidney cells

Regucalcin has been also shown to have a role in the
regulation of the proliferation of rat kidney proximal
tubular epithelial NRK52E cells [237]. The regucalcin
content of regucalcin/pCXN2-transfected cells was about
21-fold as compared with that of the parental wild-type
cells. The enhancement in cell proliferation was suppressed
in the transfectants overexpressing regucalcin [237]. The
decrease in cell number of NRK52E (wild type) cells after
culture with butyrate, rescovitine, and sulforaphane, which
is an inhibitor of cell cycle, was not observed in transfec-
tants, suggesting that regucalcin induces Gl and G2/M
phase cell cycle arrest in NRK52E cells [237].

The inhibition of the proliferation of NRKS52E cells
induced by PD98059, staurosporine, or dibucaine that is an
inhibitor of various protein kinase inhibitors was not seen
in the transfectants [238-240]. The suppressive effect of
regucalcin on cell proliferation may result from the
inhibitory effect of regucalcin on various protein kinases
that are involved in stimulation of cell proliferation. The
inhibition in proliferation of NRKS52E cells by wortmannin,
an inhibitor of PI3-kinase, was not observed in transfec-
tants [241], suggesting that regucalcin inhibits PI3-kinase
and that it partly contributes suppression of cell prolifera-
tion in NRKS52E cells.

Bay K 8644 is an agonist of calcium entry into cells. The
proliferation of NRKS52E cells (wild type) was inhibited in
the presence of Bay K 8644. Overexpression of regucalcin
had a preventive effect on Bay K 8644-induced inhibition
of cell proliferation [237]. Regucalcin has a role in the
maintenance of intracellular calcium homeostasis in many
cell types.

The effect of regucalcin on the gene expression of
proteins that are related to cell proliferation and cell cycle
is examined. The expression of c-jun and chk2 (check-
point-kinase 2) mRNAs was found to suppress in the
transfectants [237]. The expression of p53 mRNA was
enhanced in transfectants, while the expression of c-myc,
c-fos, cdc2, and p2IlmRNA was not changed in the trans-
fectants [237]. The decrease in c-jun and chk2 mRNA
expressions may partly contribute to suppress cell
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proliferation induced in NRKS2E cells overexpressing
regucalcin. The expression of the tumor suppressor gene
p53 mRNA, which was enhanced with overexpression of
regucalcin, may have a partial role in the retardation of
proliferation of NRKS52E cells. Regucalcin has been shown
to localize in the nucleus of NRK52E cells [242]. Regu-
calcin may have a suppressive effect on cell proliferation
due to regulating many gene expressions that is related to
cell proliferation in normal kidney NRKS52E cells.

Regucalcin, moreover, has been shown to have a regu-
latory effect on gene expression of proteins that regulate
calcium transport system in kidney cells. Overexpression
of regucalcin has been found to have suppressive effects on
the gene expression of L-type Ca>" channel and calcium-
sensing receptor (CaR), which regulate intracellular Ca®*
signaling in NRKS52E cells [242]. Overexpression of reg-
ucalcin caused an increase in rat outer medullary K*
channel (ROMK) mRNA expression in NRK52E cells,
while it did not have an effect on Na, K-ATPase, and
epithelial sodium channel (ENaC) mRNA expressions
[242]. The expression of Type II Na-Pi cotransporter
(NaPi-Ila) and angiotensinogen mRNAs was not changed
in NRK52E cells overexpressing regucalcin [242], sug-
gesting that regucalcin does not have effects on NaPi-Ila
and angiotensinogen mRNA expressions in kidney
NRKS2E cells.

The blockade of calcium influx through L-type calcium
channels has been shown to attenuate mitochondrial injury
and apoptosis in hypoxia renal tubular cells [243]. The
entry of calcium through L-type Ca’" channels induces
mitochondrial disruption and cell death [243]. CaR par-
ticipates in the regulation of renal Ca®" transport [244]. It
is speculated that regucalcin regulates intracellular Ca®"-
signaling pathway through its suppressive effect on L-type
Ca”’" channel or CaR mRNA expression in the kidney
proximal tubular epithelial cells.

The expression of regucalcin mRNA in NRKS52E cells
has been shown to enhance after the treatment of PTH
[216], suggesting that regucalcin partly mediates cellular
response for PTH in kidney cells. Overexpression of
regucalcin did not attenuate the expression of L-type
Ca®* channel or CaR mRNAs, which is decreased after
PTH treatment, in NRKS52E cells. Regucalcin decreased
L-type Ca®" channel or CaR mRNA expressions in
NRKS52E cells. Regucalcin may partly contribute as a
mediator in cellular response for stimulation of PTH in
NRKS52E cells.

Whether handling of calcium in NRKS2E cells is
changed in transfectants overexpressing regucalcin is
unknown. Overexpression of regucalcin has been shown to
have suppressive effects on apoptosis with culture of Bay
K 8644 in NRKS52E cells [217]. Presumably, the effects of
regucalcin on gene expression are not mediated through
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change in calcium handling in transfectants. Regucalcin
has been shown to play a role in the regulation of intra-
cellular Ca®" transport; the protein activates Ca>*-pump-
ing enzymes (Ca”"-ATPase) in the basolateral membranes,
mitochondria, and microsomes in rat kidney cortex [98, 99,
245]. Regucalcin may regulate intracellular Ca** homeo-
stasis in kidney proximal tubular epithelial cells so that
Ca”" is passed through transcellular transport. Moreover,
regucalcin was found to suppress the expression of L-type
Ca”" channel or CaR mRNAs in NRK52E cells, supporting
the view that regucalcin plays a physiological role in the
regulation of intracellular Ca®" homeostasis in kidney
proximal tubular epithelial cells.

Overexpression of regucalcin has a suppressive effect on
cell responses that are mediated through signaling process
following stimulation with TNF-o or transforming growth
factor-f1 (TGF-f1) in NRKS52E cells [246]. Overexpres-
sion of regucalcin had a suppressive effect on apoptotic cell
death induced by TNF-o or TGF-$1 that is mediated
through caspase-3 in NRKS52E cells [246]. Culture with
TNF-o0 or TGF-f1 caused a remarkable increase in o-
smooth muscle actin level in NRK52E cells. Such an
increase was not seen in transfectants. In addition, the
expression of a-smooth muscle actin was markedly sup-
pressed in transfectants cultured without TNF-o or TGF-
f1. These findings demonstrate that overexpression of
regucalcin has a suppressive effect on the expression of o-
smooth muscle actin in NRKS52E cells cultured with TNF-«
or TGF-f1, and that regucalcin regulates signaling pathway
that is mediated through TNF-o or TGF-f1 to stimulate the
expression of a-smooth muscle actin in NRKS52E cells.
TGF-f1 is a key mediator that regulates transdifferentia-
tion of NRKS52E cells into myofibroblasts expressing
a-smooth muscle actin [247]. This may contribute to renal
fibrosis associated with overexpression of TGF-f1 within
the diseased kidney [247]. Regucalcin may regulate
transdifferentiation to renal fibrosis in NRKS52E cells with
TGF-f1 or TNF-c.

Overexpression of regucalcin caused a remarkable
increase in the expression of mRNA of Smad 2, which is
involved in signal transduction of TGF-f1 [248], or NF-
kB, which is related to signaling of TNF-a [249], in
NRKS52E cells. Such an increase was not seen in Smad 3
mRNA expression in transfectants. This finding suggests
that regucalcin stimulates the gene expression of Smad 2 or
NF-«xB, which is related to signaling mechanism of TNF-o
or TGF-f1. Regucalcin may have a suppressive effect on
signaling pathway by which TNF-o or TGF-f1 stimulates
gene expression of NF-xB or Smad 2 in NRKS52E cells.
These cytokines may not have enhancing effects on gene
expression of NF-«kB or Smad 2 in transfectants. Presum-
ably, the suppressive effects of regucalcin on apoptotic cell
death and o-smooth muscle actin expression may be not

involved in the expressions of NF-xB or Smad 2 that is
stimulated by TNF-o or TGF-f1 in NRKS52E cells.

Conclusion

As mentioned above, regucalcin has been demonstrated to
have a suppressive effect on hepatoma H4-II-E cella and
normal kidney NRKS52E cells. The suppressive effect of
regucalcin on cell proliferation is related to its inhibitory
effect on the activities of various protein kinases and pro-
tein phosphatases, calcium-dependent signaling factors,
protein synthesis, nuclear DNA and RNA synthesis, and
IGF-I expression and its activatory effect on p21, an
inhibitor of cell cycle-related protein kinases. Moreover,
regucalcin has been shown to suppress the expressions of
c-myc, Ha-ras, and c-src mRNAs and to enhance the
expressions of of p53 and Rb mRNAs, which are related to
tumorigenesis of liver cells. p53 is also known to stimulate
p21 mRNA expression to induce cell cycle arrest. Regu-
calcin has a suppressive effect on many intracellular sig-
naling pathways that is related to cell proliferation due to
hormonal stimulation, as summarized in Fig. 3. The sup-
pressive effect of regucalcin on cell apoptosis and cell
proliferation is based on the mechanism by which the
protein inhibits cellular events that are mediated through
many intracellular signaling factors. Regucalcin may play
an important role as suppressor protein in the maintenance
of homeostasis of cellular response for cell stimulation.

Regucalcin has been demonstrated to have a suppressive
effect on cell death and apoptosis and cell proliferation
induced by stimulation of various factors in hepatoma H4-
II-E cells and normal kidney NRK52E cells. Presumably,
regucalcin plays a physiological role in maintaining cell
homeostasis of cellular response for various stimulating
factors. Regucalcin may be a key molecule as a suppressor
protein in cell regulation.

Role of regucalcin in regenerating liver in vivo

Adult rat hepatocytes are normally quiescent in vivo.
However, 20-30 h after partial hepatectomy (about 70%)
they undergo a synchronous wave of DNA synthesis and
cell division and continue to divide until the original mass
of the liver is regenerated 3—7 days late [250]. The liver
weight at 1 day after hepatectomy is increased about 50%
of that of sham-operated rats, and it reached to the same
levels as sham operated at 3 days after hepatectomy,
indicating that the increase in cell proliferation is induced
at 1 day after hepatectomy [251]. Regenerating liver is a
good model of liver cell proliferation in vivo.

Hepatocyte growth factor, which can promote liver
regenerating after partial hepatectomy [248], has been
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Fig. 3 Regucalcin has a suppressive effect on the enhancement of
cell proliferation. Regucalcin mRNA expression is stimulated through
the pathway of signaling mechanism concerning Ca>*/calmodulin
(CaM)-dependent protein kinase (CaM kinase), protein kinase C
(C kinase), protein kinase A (A kinase), and thyrosine kinase due to
hormal stimulation. Regucalcin inhibits the activities of various
protein kinases and protein phosphatases in the cytoplasm and nucleus
of cells, and it also can inhibit Ca2+/calmodulin—dependent enzyme
activity (including cyclic AMP phosphodiesterase, NO synthase,
superoxide dismutase (SOD), and others. Cytoplasmic regucalcin

shown to increase calcium concentration in rat hepatocytes
[249]. Calmodulin synthesis in regenerating rat liver is
increased at 8 h after hepatectomy [252].

Regenerating rat liver has been shown to enhance
Ca”"-ATPase activity in the nuclei between 1 and 5 days
after hepatectomy [251]. Liver nuclear Ca**-ATPase is
related to Ca>" uptake by the nuclei and the metal accu-
mulates nuclear matrix [81, 84, 85]. The increase in the
nuclear Ca*"-ATPase activity in regenerating liver caused
a corresponding augmentation of the nuclear calcium
content [251]. Liver calcium content was increased
between 1 and 5 days after hepatectomy, although the
nuclear calcium content was a slight increase at 1 day
after hepatectomy [251]. Calcium, which increased in the
cytoplasm of regenerating liver, may be transported into
the nuclei with the enhancement of nuclear Ca*"-ATPase
activity.

Protein kinase C and Ca®*/calmodulin-dependent pro-
tein kinase exists in liver nuclei [186]. Nuclear Ca’*-
ATPase activity of regenerating rat liver was decreased
after the addition of protein kinase inhibitor into the
enzyme reaction mixture [251]. The increase in nuclear
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translocates into nucleus. Regucalcin inhibits nuclear DNA and RNA
synthesis. Regucalcin has an inhibitory effect on the expression of
c-myc, Ha-ras, and c-src mRNAs, which are tumor stimulator genes.
Regucalcin also stimulates the expression of p53 and Rb mRNAs that
are tumor suppressor genes. Moreover, regucalcin can inhibit protein
synthesis and it can stimulate protein degradation. Regucalcin induces
G1 and G2/M phase cell cycle arrest in cells. The suppressive effect
of regucalcin on cell proliferation is mediated through regulating
many signaling systems

Ca”*"-ATPase activity in regenerating liver may be partly
activated through Ca**-dependent kinases. DNA content in
the nuclei of regenerating rat liver was increased from
1 day after hepatectomy, while the nuclear DNA frag-
mentation activity was decreased in regenerating liver
[251]. The nuclear DNA fragmentation activity in regen-
erating liver was not altered in the presence of Ca*" che-
lator (EGTA) [251]. Presumably, the increased nuclear
calcium in regenerating liver is involved in the regulation
of nuclear DNA synthesis rather than the activation of
nuclear DNA fragmentation.

Liver regucalcin mRNA expression has been shown to
enhance 1-5 days after hepatectomy as compared with that
of sham-operated rats, which is at the time point during
activation of liver proliferation with a longer time (5 days)
[62]. The expression of regucalcin mRNA in regenerating
liver has been suggested to mediate through Ca®'/cal-
modulin in rat liver, since hepatocyte growth factor, which
promotes liver regenerating after partial hepatectomy, has
been shown to increase calcium concentration in rat
hepatocytes [252]. The increase in regucalcin mRNA
expression in regenerating liver was independent on the
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decomposition of mRNA [252]. The process that tran-
scripts to regucalcin mRNA may be stimulated in regen-
erating liver. The increase in regucalcin may be related to
the suppression of cell proliferation in regenerating rat
liver.

The role of regucalcin in the regulation of the nuclear
function of regenerating rat livers is examined. Protein
kinase activity was elevated in the liver nuclei obtained at
6-48 h after partial hepatectomy [185], suggesting that
protein kinases, which are involved in Ca®" signaling,
participate in the enhancement of nuclear phosphorylation
in regenerating liver with proliferative liver cells. Regu-
calcin was found to have a suppressive effect on the
enhancement of Ca**/calmodulin-dependent protein kinase
and protein kinase C activities in the nuclei of regenerating
rat livers [185].

The phosphorylation in the nuclei of regenerating rat
livers was increased in the presence of anti-regucalcin
antibody in the reaction mixture [185]. Such stimulation
was completely abolished in the presence of exogenous
regucalcin [185], suggesting that endogenous regucalcin is
involved in the suppression of protein kinase activity in the
nuclei. The net increase in protein kinase activity after anti-
regucalcin antibody addition was about two-fold in the
nuclei of regenerating rat liver as compared with that of
normal rat liver [185]. Endogenous regucalcin, which is
enhanced in regenerating liver, may be translocated to the
nucleus in vivo.

Protein phosphatase activity toward phosphotyrosine is
also found in the liver nuclei, whereas the nuclear enzyme
activity toward phosphoserine and phosphothreonine is
only slight [147, 148]. Protein phosphotyrosine phospha-
tase activity in the cytoplasm and nuclei of liver cells was
increased in regenerating liver in rats [147]. This increase
was enhanced in the presence of anti-regucalcin mono-
clonal antibody in the enzyme reaction mixture from
regenerating liver [147].

Regucalcin has an inhibitory effect on Ca®*/calmodulin-
dependent protein kinases, protein kinase C, and protein
phosphatases [139, 140]. Presumably, regucalcin partici-
pates in the regulation of cellular function due to inhibiting
processes of phosphorylation and dephosphorylation of
various proteins in proliferative liver cells. This role may
be important intensively in the suppression of over-prolif-
eration of liver cells in vivo.

The suppressive effect of regucalcin on protein synthesis
in regenerating rat liver is also shown [163]. Regenerating
liver induced an increase in protein synthesis. This increase
was enhanced in the presence of anti-regucalcin mono-
clonal antibody [163]. This elevation was completely pre-
vented after the addition of regucalcin. Endogenous
regucalcin has a suppressive effect on the enhancement of
protein synthesis in regenerating rat liver with proliferative

cells [163]. Regucalcin may have a role as an inhibitor in
protein synthesis in proliferative liver cells in vivo.

Liver nuclear DNA synthesis has been shown to stim-
ulate in regenerating rat liver [186, 187]. Liver nuclear
DNA synthesis was markedly enhanced 1 and 3 days after
partial hepatectomy [186]. Regucalcin was found to have
an inhibitory effect on nuclear DNA synthesis in regener-
ating rat liver [187]. This effect was not resulted from
nuclear DNA hydrolysis, because regucalcin can inhibit
Ca’" activated DNA fragmentation in rat liver nuclei
[187]. DNA synthesis activity in the nucleus of regener-
ating rat liver was enhanced in the presence of anti-regu-
calcin monoclonal antibody in the reaction mixture [187].
This increase was completely abolished after the addition
of regucalcin [187]. The endogenous regucalcin in liver
nucleus may play a suppressive role in the enhancement of
nuclear DNA synthesis activity of regenerating liver.

Nuclear functions in regenerating liver may be stimu-
lated through many signaling factors. The increase in
nuclear DNA synthesis activity in regenerating rat liver
was prevented in the presence of strurosporine, TFP, and
PD98059, which are various protein kinase inhibitors, in
the reaction mixture [187]. This suggests that the nuclear
DNA synthesis activity in regenerating liver with prolif-
erative cells is partly stimulated through signaling pathway,
which is related to protein kinase C, Ca**/calmodulin-
dependent protein kinase, and MAPK kinase in the nucleus.
The effect of anti-regucalcin monoclonal antibody in
enhancing nuclear DNA synthesis in regenerating liver was
blocked in the presence of strurosporine, TFP, and
PD98059 [187]. This finding suggests that the suppressive
effect of regucalcin on nuclear DNA synthesis activity in
regenerating liver may be partly mediated through the
inhibitory action of regucalcin on various protein kinases.
In addition, regucalcin may directly inhibit nuclear DNA
synthesis activity in liver cells.

Regucalcin has also been shown to inhibit RNA syn-
thesis in the nuclei isolated from control rat liver [189] and
from regenerating rat liver [190]. The presence of anti-
regucalcin monoclonal antibody in the reaction mixture
caused a significant increase in RNA synthesis activity in
the nuclei of normal rat liver [190]. This increase was
completely abolished after the addition of regucalcin. The
effect of anti-regucalcin monoclonal antibody in increasing
nuclear RNA synthesis activity in regenerating rat liver
was enhanced in the presence of the antibody in the reac-
tion mixture [190].

The enhancement of nuclear RNA synthesis activity in
regenerating rat liver is partly dependent on the activation
of protein kinases and protein phosphatases, which are
involved intracellular signaling pathway of hormone and
growth factors [190]. The effect of anti-regucalcin mono-
clonal antibody in enhancing RNA synthesis activity in the
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nuclei of regenerating rat liver was inhibited in the presence
of a-amanitin, PD98059, staurosporine, or vanadate in the
reaction mixture [190]. The enhancement of nuclear RNA
synthesis activity in regenerating liver is partly suppressed
through signaling pathways that endogenous regucalcin
inhibits RNA polymerase II and III, MAPK kinase, protein
kinase C, and protein phosphatases in the liver nucleus.

Regucalcin could inhibit RNA synthesis activity in the
nuclei of normal and regenerating rat livers. Regucalcin
may have a role as the transcription-related factor in liver
nucleus. Whether regucalcin can directly bind to the pro-
moter region in the gene is unknown, however.

As mentioned above, regucalcin mRNA expression in
liver cells is stimulated through the pathway of signaling
mechanism concerning protein kinases and protein phos-
phatases that are increased in regenerating liver with pro-
liferative cells in vivo, and endogenous regucalcin has a
suppressive effect on protein, DNA, and RNA synthesis,
which is mediated through calcium signaling, in the cells.
Presumably, regucalcin plays a suppressive role in the
overexpression of cell proliferation in vivo. Regucalcin
may have an important role as a suppressor protein in the
differentiation and proliferation of liver cells.

Interestingly, new markers for the liver pre-neoplastic
foci are investigated in rats treated with diethylnitrosamine
and then 2-acetylaminofluorene combined with partial
hepatectomy [253]. Transaldolase, rat aflatoxin B1 alde-
hyde reductase, and gamma-glutamylcysteine synthetase
are found as up-regulated gene and regucalcin is found as a
down-regulated gene, in line with findings for hepatocel-
lular carcinomas [253]. The suppression of regucalcin
expression may play a role in the development of carci-
nogenesis in liver cells. If the chemical feeding-induced
suppression of regucalcin expression influences on Ca’*-
signaling regulation in liver cells, it may generate a pos-
sible circumstance for carcinogenesis. In this aspect, the
pathophysiological role of regucalcin in carcinogenesis
with chemical feeding may be significant in vivo.

Role of endogenous regucalcin in animals
with transgene

The role of endogenous regucalcin in cellular regulation is
shown using regucalcin transgenic (TG) rats in vivo.
Regucalcin homozygote male and female rats express a
prominent regucalcin protein in the tissues [254]. The
expression of regucalcin was remarkable in many tissues of
TG female rats: its expression of male rats was seen in the
liver, kidney cortex, heart, lung, and stomach [254].
Exogenous regucalcin has been shown to have the reg-
ulatory effect on liver nuclear function in vitro [185-188].
Regucalcin levels were increased in the liver nuclei of
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regucalcin TG male and female rats [255]. The effect of
endogenous regucalcin in suppressing protein tyrosine
phosphatase and RNA synthesis activities, which are
inhibited by exogenous regucalcin in normal rat liver
nucleus in vitro [256], is also demonstrated in regucalcin
TG rats in vivo using anti-regucalcin monoclonal antibody.
Nuclear protein tyrosine phosphatase activity was elevated
in the presence of anti-regucalcin monoclonal antibody in
the reaction mixture containing liver nuclear protein
obtained from normal (wild type) rats [256]. The effect of
the antibody was not seen in the liver nuclei of regucalcin
TG rats [256]. Moreover, RNA synthesis was suppressed in
the liver nuclei of regucalcin TG rats as compared with that
of normal rats [256]. The effect of anti-regucalcin mono-
clonal antibody in increasing RNA synthesis was blocked
in the liver nuclei of the TG rats [256]. The enhancement of
endogenous regucalcin expression plays an important role
in the suppression of RNA synthesis in the liver nucleus in
vivo, supporting the view that regucalcin may have a role
as a negative transcriptional factor in liver nucleus.
Endogenous regucalcin plays a suppressive role in the
regulation of liver nuclear function in rats in vivo.

Regucalcin has been shown to inhibit protein phospha-
tase activity in the cytoplasm [145] and nucleus [148, 149]
in rat liver cells. Regucalcin has been found to have a
suppressive effect on protein tyrosine phosphatase activity
in rat liver microsomes in the range of its physiological
concentration of liver cytoplasm [257]. The increase in
endogenous regucalcin has been also shown to inhibit liver
microsomal protein tyrosine phosphatase activity using
regucalcin TG rats [257].

Protein tyrosine phosphatases have been postulated to
play a key role in the regulation of the insulin action
pathway. The inhibition of protein tyrosine phosphatase
activity mimics insulin action [258]. It has been shown that
the increase in protein tyrosine phosphatase activity in
skeletal muscle, adipocytes, and liver is associated with
insulin resistance and diabetic state [255, 259, 260]. The
expression of regucalcin mRNA in rat liver has been shown
to enhance after feeding and insulin treatment [59]. Reg-
ucalcin, which can inhibit protein tyrosine phosphatase
activity in rat liver microsomes, may have a pathophysio-
logical role in hepatic insulin resistance. Overexpression of
regucalcin has been demonstrated to enhance glucose uti-
lization and lipid production in the cloned rat hepatoma
H4-1I-E cells in vitro and it is involved in insulin resistance
[261], and it suppresses the enhancing effect of insulin or
glucose on the gene expression of insulin signaling-related
proteins in the H4-II-E cells [262].

Regucalcin has been found to inhibit NO synthase
activity in the cytosols of liver [124], kidney cortex [125],
heart [126], and brain [127]. NO may act as a messenger or
modulator molecule in many cells [122]. NO synthase is
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activated by Ca®/calmodulin which is related to Ca®"
signaling. Overproduction of NO may lead to the damage
of many cells. Regucalcin may have a suppressive effect on
overproduction of NO in the cells, and the protein may
have a protective effect on NO-induced damage of cells.
Overexpression of regucalcin in TG rats has a suppressive
effect on NO synthase activity in the cytosol of liver [124],
kidney cortex [125], heart [126], and brain [128]. The
presence of anti-regucalcin monoclonal antibody in the
reaction mixture containing the cytosolic protein of various
tissues obtained from regucalcin TG rats caused an
increase in NO synthetase activity, and this increase was
completely abolished after the addition of regucalcin. This
finding supports the view that endogenous regucalcin has a
suppressive effect on NO synthase activity in vivo.

The role of endogenous regucalcin in the regulation of
Ca’*-ATPase activity in the mitochondria of brain tissues
is examined using regucalcin TG rats [116]. The addition
of regucalcin, which is a physiological concentration in rat
brain tissues, into the enzyme reaction mixture caused a
significant increase in Ca*"-ATPase activity, while it did
not have an effect on Mg®T-ATPase activity [116].
Regucalcin was increased in the brain tissues or the mito-
chondria of regucalcin TG rats [116]. The mitochondrial
Ca’*-ATPase activity was increased in the TG rats as
compared with that of wild-type rats. Thus, endogenous
regucalcin has an enhancing effect on Ca’"-ATPase
activity in the mitochondria of rat brain tissues in vivo.

Thus, the increase in endogenous regucalcin has been
demonstrated to have a suppressive effect on many func-
tions in various tissues, which the effect of exogenous
regucalcin are found in vitro, using regucalcin TG rats in
vivo.

Interestingly, osteoporosis and hyperlipidemia are
induced in regucalcin TG rats [reviewed in Ref. 263],
indicating a pathophysiological role of regucalcin. This
may be resulted from the regulatory effect of regucalcin on
cell signaling systems in cells that are related to bone cells
[264-267] and liver cells [261, 262].

One party, regucalcin (SMP30) deficiency in mice causes
an accumulation of neutral lipids and phospholipids in the
liver and shortens the life span [268]. Regucalcin (SMP30)
knockout mouse liver is highly susceptible to TNF-o- and
Fas-mediated apoptosis [269], supporting the view that
regucalcin has a suppressive effect on cell apoptosis in cell
culture system [201, 215]. The deficiency of regucalcin
(SMP30) induces a decrease in L-ascorbic acid (vitamin C)
in mice [270], although this may not be significant because
of vitamin C is not synthesized in human.

p-Catenin loss and regucalcin decrease have been shown
to be contributing to apoptosis [271]. [-Catenin-null
hepatocytes or regucalcin small interfering RNA-transfec-
ted HepG2 cells were cultured, and these cells exhibited

significant apoptosis that was alleviated by the addition of
ascorbic acid, which in turn may be one of the mechanisms
contributing to the role of -catenin in cell survival through
regucalcin expression [271].

The exploration of other roles of regucalcin in vivo is
expected.

Prospects

Regucalcin, which its gene is localized on the chromosome
X in human and rats, is thought as a protein that is highly
differentiated because of a great conservation of the regu-
calcin genes throughout evolution in vertebrates specifies.
Regucalcin plays a multifunctional role in cellular regula-
tion; a role in keeping intracellular Ca*t homeostasis, an
inhibitory role on various Ca”*"-dependent enzyme acti-
vations, protein kinases and protein phosphatases. Regu-
calcin regulates due to suppressing protein synthesis and
stimulating protein degradation, and it has a suppressive
effect on DNA and RNA synthesis that are mediated
through various signaling systems in the nucleus. Regu-
calcin suppresses an enhancement of cell proliferation and
apoptotic cell death that are induced by various signaling
factors. Regucalcin has been proposed to play a pivotal role
as a suppressor protein of intracellular signaling system in
maintaining cell homeostasis. Regucalcin is the first time
finding in protein molecule that has a role as a suppressor
protein in cell signaling, although it is well known that
many proteins enhance cell signal transduction so far.

There are growing evidences that regucalcin may be a
key molecule in metabolic disease. The overexpression of
regucalcin gene has been known to induce osteoporosis and
hyperlipidemia in the transgenic rats and the deficiency of
regucalcin (SMP30) induces a decrease in vitamin C (it is
not synthesized in human), which is related to regulation of
oxidative stress in mice and to inducing of cell apoptosis.
The expression of regucalcin gene is downregulated in the
development of carcinogenesis in liver cells, suggesting
that its suppression induces promotion of tumor cells.

The gene therapy, that targets the regucalcin gene, may
be useful as a therapeutic tool for disease with the atten-
uation of regucalcin gene expression. Development of
drug, which modulates regucalcin molecule, may have a
clinical significance in the restoration of metabolic disorder
that is implicated to regucalcin. Clinical studies of regu-
calcin for disease are expected.
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