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Alternatively spliced variants of the regucalcin gene
in various human normal and tumor tissues
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Abstract. Regucalcin plays a pivotal role as a suppressor
protein in signal transduction in various cell types. The
regucalcin gene, which is localized on the X chromosome,
consists of 7 exons and 6 introns. Decreased liver regucalcin
gene expression has been suggested to play a suppressive
role in the development of hepatocellular carcinogenesis in
animal models. This study was undertaken to determine
the changes in regucalcin gene expression in various human
normal and tumor tissues, including liver, kidney, brain and
lung tissues. The full-length and alternatively spliced variants
of regucalcin mRNA were found to be expressed in various
human tissues. This expression was suppressed in tumor
tissues of hepatocellular carcinoma, kidney transitional cell
carcinoma, brain malignant meningioma and lung non-small
cell carcinoma. The full-length regucalcin protein was found
to be highly expressed in normal human liver and kidney
tissues; its expression was suppressed, however, in the liver
and kidney tumor tissues. The spliced variant proteins were
found to be expressed in the normal liver and kidney tissues,
and decreased in the tumor tissues. Such alternative variants
were not observed in the liver and kidneys of rats and mice.
The alternatively spliced variants of the regucalcin gene were
found to be expressed in various human normal and tumor
tissues.

Introduction

Regucalcin was first identifed in 1978 as a novel calcium-
binding protein that differs from calmodulin and other
calcium-related proteins (1-5). The regucalcin gene (rgn) is
localized on the X chromosome (6,7), and it is identified in over
15 species consisting of the regucalcin family in vertebrate
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and invertebrate species and is highly conserved in vertebrate
species (4,5). The organization of the rat regucalcin gene
consists of 7 exons and 6 introns and several consensus regu-
latory elements exist upstream of the 5'-flanking region (8).
Activator protein 1 (AP-1), nuclear factor 1-A1 (NF1-Al), regu-
calcin gene promoter region-related protein p117 (RGPR-p117),
[B-catenin and other factors have been found to be transcrip-
tion factors in the enhancement of regucalcin gene promoter
activity (5). The transcriptional activity of the regucalcin gene
is enhanced through intracellular signaling factors that are
mediated through the phosphorylation and dephosphorylation
of nuclear protein in vitro (5). As previously demonstrated,
regucalcin mRNA and protein are pronouncedly expressed
in the liver and kidney cortex of rats (9,10). The mRNA
expression of regucalcin in the liver and kidney cortex has
been shown to be stimulated by hormonal factors (including
calcium, calcitonin, parathyroid hormone, insulin, estrogen
and dexamethasone) (11).

Regucalcin, which plays a pivotal role as a suppressor protein
in cell signal transduction, plays a multifunctional role in the
regulation of various types of cells and tissues (reviewed in
refs. 12-14). Regucalcin translocates from the cytoplasm to the
nucleus in various cell types (15). Regucalcin has been shown
to play a role in maintaining intracellular calcium homeostasis,
the inhibition of various protein kinases and protein phospha-
tases in the cytoplasm and nucleus, and nuclear DNA and RNA
synthesis (14,15). Nuclear regucalcin has also been shown to
regulate the gene expression of various proteins (15). Moreover,
regucalcin suppresses cell proliferation and apoptotic cell death
that is mediated through various signaling factors (16,17).
Regucalcin has been suggested to play a physiological role in
maintaining cell homeostasis and function as the regulatory
protein of intracellular signaling systems (13,14).

There is growing evidence that regucalcin plays a patho-
physiological role in metabolic disorder (16,18,19). In recent
years, regucalcin has been shown to be involved in carcino-
genesis (reviewed in ref. 16). Regucalcin gene and protein
expression has been shown to be decreased in the liver tumor
tissue of rats in vivo (20). Of note, regucalcin gene expression
has been demonstrated to be downregulated during the devel-
opment of carcinogenesis in the chemical-treated regenerating
rat liver in vivo, suggesting that regucalcin plays a suppressive
role in carcinogenesis (21). Moreover, regucalcin gene and
protein expression has been shown to be suppressed in cloned
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rat hepatoma H4-11-E cells in vitro (22-25). The overexpres-
sion of endogenous regucalcin has been found to suppress the
enhancement of cell proliferation with fetal bovine serum in
H4-11-E cells in vitro due to the inhibition of various protein
kinases and phosphatases, nuclear DNA synthesis and the
mRNA expression of oncogenes (22-25). Thus, regucalcin may
play a suppressive role in the development of carcinogenesis.
However, the findings of regucalcin gene expression in human
normal and tumor tissues require further confirmation.

The present study was undertaken in order to determine
whether the regucalcin gene is expressed in various human
normal and tumor tissues including liver, kidney, brain and
lung tissues. We found that the full-length regucalcin mRNA
and its alternatively spliced variants were expressed in various
human tissues.

Materials and methods

Materials. Regucalcin was isolated from rat liver as previously
described (1). A polyclonal rabbit anti-regucalcin antibody
was prepared as previously described (10). Other antibodies
for western blot analysis were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Reagents for poly-
merase chain reaction (PCR) were purchased from Invitrogen
(Carlsbad, CA). All other reagents were purchased from
Sigma-Aldrich Chemical Corp., (St. Louis, MO, USA) unless
otherwise indicated.

Human cDNA and protein samples. This study was approved
by the Ethics Committee of Meijo University (Nagoya,
Japan). The human cDNA and protein samples, which were
prepared from normal (non-tumor) and tumor tissues, were
obtained from BioChain Institute, Inc. (Newark, CA, USA).
In the expression analysis of regucalcin mRNA in the human
normal and tumor tissues, cDNA prepared from the following
tissues was used: normal liver from a 64-year-old male;
normal kidney from a 46-year-old male; normal brain from
a 26-year-old male; normal lung from a 41-year-old female;
liver hepatocellular carcinoma from a 51-year-old male;
kidney transitional cell carcinoma froma a 68-year-old male;
brain malignant meningioma from a 7-year-old male; and
lung non-small cell carcinoma from a 46-year-old male. In the
expression analysis of regucalcin mRNA in the human brain,
cDNA prepared from the following tissues was used: amygdale
from a 60-year-old female, cerebral cortex from a 28-year-old
male, cerebellum from a 27-year-old male, diencephalon from
a 26-year-old male, hippocampus from a 28-year-old male,
medulla oblongata from a 26-year-old male, optic nerve from
a 22-year-old male, pituitary gland from a 68-year-old male
and thalamus from a 22-year-old male. In the expression anal-
ysis of regucalcin protein in normal human liver and kidney,
total protein lysates prepared from the following tissues
were used: normal liver from a 24-year-old male and normal
kidney from a 62-year-old male. In the expression analysis of
regucalcin protein in human liver and kidney tumor tissues,
the total protein lysates prepared from the following tissues
were used: liver hepatocellular carcinoma and its adjacent
normal liver tissue from a 39-year-old male; and kidney clear
cell carcinoma and its adjacent normal kidney tissue from a
64-year-old male. These normal and tumor tissues used in the
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preparation of cDNA and protein samples were estimated by
clinical diagnosis.

Detection of alternatively spliced variants. Total RNA in the
non-tumor (normal) and tumor tissues from human liver,
kidney, brain and lung tissues (BioChain Institute) was isolated
using the guanidine thiocyanate technique. Total RNA (11 pg)
was primed by an oligo(dT) primer and reverse transcribed
using reverse transcriptase in a 40 ul final volume. The reaction
was terminated by heating at 65°C for 10 min. cDNA was
delivered in 1X RT buffer (50 mM Tris-Cl, pH 8.3, 75 mM
KCI, 3 mM MgCl,, 10 mM dithiothreitol). The estimated
cDNA concentration was approximately 2.5 ng/ul. cDNA
(2.5-5 ng/ul) was used as the template in polymerase chain
reaction (PCR). The amount of cDNA, which was normalized
to the actin mRNA levels, was used for PCR. PCR was
performed using the following protocol: initial denaturation at
95°C for 45 sec, followed by 30 cycles of 94°C for 45 sec, 56°C
for 1 min, and 72°C for 1 min, with a final extension at 72°C for
3 min. The primers used for the detection of human regucalcin
cDNA were 5-ATGTCTTCCATTAAGATTGAGTGTGT-3'
for the sense primer and 5"-TCATCCCGCATAGGAGTAGGG
AGCA-3'for the antisense primer. The amplified PCR products
were visualized on a 1.8% agarose gel prepared with the
addition of ethidium bromide. To determine the DNA sequences
of the PCR products, amplified DNA fragments were cloned
into the pGEM-T Easy cloning vector and then sequenced with
an automated fluorescence DNA sequencer (3130 Genetic
Analyzer; Applied Biosystems, Foster City, CA, USA) to
confirm the identity of the cloned inserts. The house keeping
gene, [3-actin, was also amplified to normalize the cDNA content
of each sample.

Western blot analysis. Total protein lysates, which were
obtained from normal and tumor tissues of human liver
and kidney (BioChain Institute), were used for western
blot analysis. The total protein lysates were subjected to
12% SDS-polyacrylamide gel electrophoresis, and proteins on
the gel were transferred to PVDF membranes. The membranes
were blocked in TBS-T (20 mm Tris, pH 7.5, 150 mm NaCl
and 0.1% Tween-20) supplemented with 5% non-fat dry milk
for 1 h at room temperature. The first regucalcin antibody
that we previously produced against a purified rat regucalcin
protein (10) was diluted (1:1,000) in Can get signal immuno-
reaction solution 1 (Toyobo, Tokyo, Japan). The secondary
antibody, an affinity purified horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG (Invitrogen Corp.) was diluted
(1:1,000) in Can get signal immunoreaction solution 2 (Toyobo).
The membrane was probed with a rabbit polyclonal regucalcin
antibody overnight at 4°C, followed by HRP-conjugated
goat anti-rabbit IgG polyclonal antibodies for 1 h at room
temperature. Following immunoprobing with primary and
secondary antibodies, the blots were washed 3 times with
TBS-T. The blots were developed using ECL chemilumines-
cence reagent according to the manufacturer's instructions
(Amersham Biosciences, Pittsburgh, PA, USA). For reprobing,
the membranes were incubated in a stripping buffer (Pierce,
Rockford, IL, USA) for 20 min and were then reprobed with
anti-B-actin antibody (Santa Cruz Biotechnology) as a loading
control.
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Figure 1. Expression of regucalcin mRNA in human normal and tumor tissues. The coding region of the regucalcin gene was amplified using the cDNA for total
RNA obtained from human normal and tumor tissues with the method of PCR. The amplified PCR products were visualized on a 1.8% agarose gel containing
ethidium bromide. Data are representative of one of 3 experiments. M, 100 base DNA-ladder; lane 1, normal liver; lane 2, normal kidney; lane 3, normal brain;
lane 4, normal lung; lane 5, tumor liver (hepatocellular carcinoma); lane 6, tumor kidney (transitional cell carcinoma); lane 7, tumor brain (malignant meningioma);

lane 8, tumor lung (non-small cell carcinoma).

Results

Regucalcin mRNA expression in the normal and tumor
tissues of human liver, kidney, brain and lung is shown in
Fig. 1. The coding region of regucalcin gene was amplified
using cDNA from total RNA obtained from the human
tissues. Full-length regucalcin mRNA (900 bp) was expressed
in the normal tissues of the liver, kidneys, brain and lungs;
its expression was suppressed in tumor tissues, including
liver hepatocellular carcinoma, kidney transitional cell carci-
noma, brain malignant meningioma and lung non-small cell
carcinoma with clinical diagnosis. We determined the DNA
sequence of 2 PCR products derived from transcripts. The
cloned PCR products consist of 684-bp fragment with exon 4
deletion and a 552-bp fragment with exon 4 and 5 deletions.
These results indicated that 2 alternatively spliced variants
were present in regucalcin mRNA. The 2 spliced transcripts
encode the 2 predicted proteins of 227 amino acids (~25 kDa)
and 183 amino acids (~20 kDa). The 2 alternatively spliced
variants were detected in normal tissues, including the
liver, kidneys, brain and lungs. The expression levels of the
2 alternatively spliced variants were high in the normal liver
and lung tissue. Of note, the expression of the 2 alternatively
spliced variants appeared to be decreased in the tumor tissues
of the liver, kidneys, brain and lungs.

Regucalcin mRNA expression in the various brain tissues
obtained from healthy humans is shown in Fig. 2. Full-length

regucalcin mRNA was expressed in the amygdala, cerebral
cortex, cerebellum, diencephalon, hippocampus, medulla
oblongata, optic nerve, pituitary and thalamus. Alternatively
the spliced variants were also detected in the cerebral cortex
and pituitary tissues. In other brain tissues, the expression of
these variants was minimal.

The expression of regucalcin protein in the liver and
kidney tissues obtained from healthy humans is shown in
Fig. 3. Full-length regucalcin protein of 34 kDa was mark-
edly detected in the normal liver and kidney tissues. In
addition, 4 weak bands with 28, 25, 24 and 20 kDa were
observed in the liver tissues, and the band with 27 kDa
was found in the kidney tissue. The 2 alternatively spliced
transcripts indicated in Fig. 1 encoded 2 predicated proteins
of approximately 25 and 20 kDa. The liver protein bands
of 25 and 20 kDa were associated with the calculated
molecular weights of the regucalcin splice variant proteins.
The expression levels of 2 splice variant proteins were
minimal as compared with those of the full-length protein.
Furthermore, the liver protein bands of 28 and 24 kDa and
kidney protein band of 27 kDa, which were not comparable
to the predicted molecular weights of the splice variant
proteins, were detected at minimal levels.

The expression of regucalcin protein in the normal and
tumor tissues of liver and kidney obtained from humans is
shown in Fig. 4. The expression of regucalcin proteins with
different molecular weight appeared to be decreased in the
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Figure 2. Expression of regucalcin mRNA in various brain tissues. The coding region of the regucalcin gene was amplified using cDNA for total RNA obtained
from human normal brain tissues with the method of PCR. The amplified PCR products were visualized on a 1.8% agarose gel containing ethidium bromide. Data
are representative of one of 3 experiments. M, 100 base DNA-ladder; lane 1, amygdala; lane 2, cerebral cortex; lane 3, cerebellum; lane 4, diencephalon; lane 5,
hippocampus; lane 6, medulla oblongata; lane 7, optic nerve; lane 8, pituitary; lane 9, thalamus.
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Figure 3. Expression of regucalcin protein in human normal liver and kidney
tissues. Total protein lysates obtained from human normal liver and kidney
tissues were subjected to SDS-PAGE and transferred electrophoretically to
nitrocellulose membranes. Data are representative of one of 3 experiments.
The blots were then incubated with regucalcin antibody overnight at 4°C, fol-
lowed by horseradish peroxidase-conjugated goat anti-rabbit IgG polyclonal
antibodies for 1 h at room temperature and detected by enhanced chemilumi-
nescence method.
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Figure 4. Regucalcin protein in human tumor liver and kidney tissues. The
total protein lysates obtained from the normal and tumor (hepatocellular
carcinoma and kidney clear cell carcinoma) tissues of human liver and kidney
were applied for western blot analysis as described in Materials and methods.
Data are representative of one of 3 experiments.

tumor tissues of liver hepatocellular carcinoma and kidney
clear cell carcinoma as compared with those of the normal
tissues.

Alternatively spliced variants for regucalcin mRNA and
its related proteins (including 28, 25, 24 and 20 kDa) were

not observed in the liver and kidney of rats and mice (data not
shown).

Discussion

This study demonstrates that regucalcin mRNA expression
is suppressed in various human tumor tissues, including
hepatocellular carcinoma, kidney transitional cell carcinoma,
brain malignant meningioma and lung non-small cell carci-
noma evaluated by the clinical diagnosis of human subjects.
Regucalcin protein was clearly decreased in the liver and
kidney tumor tissues, although its levels were not determined
in the brain and lung tumor tissues. Regucalcin has also been
reported to be underexpressed in human hepatocellular carci-
noma (26), breast and prostate cancers (27).

It has been reported that several transcripts of regucalcin
mRNA are present in human breast (MCF-7) and prostate
(LNCap) cancer cell lines (27). In this study, we found 3 tran-
scripts for regucalcin mRNA in the normal (non-tumor) and
tumor tissues of human liver, kidney, brain and lung. Moreover,
we identified 2 alternatively spliced variants lacking exon 4 or
exons 4 plus 5 of the human regucalcin gene. The identified
alternatively spliced variants encoded 2 predicted proteins of
227 amino acid residues (~25 kDa) and 183 amino acid resi-
dues (~20 kDa). This observation on the alternative splicing
was in accordance with previous findings on non-neoplastic
human breast and prostate tissues and human breast (MCF-7)
and prostate (LNCap) cancer cells (27). We also found that the
expression of the alternatively spliced regucalcin transcripts
was decreased in the human tumor tissues. Accordingly, it is
interesting whether the alternative splicing event of the regu-
calcin gene has a biological significance in the human normal
(non-tumor) and tumor tissues.

Two alternatively spliced regucalcin transcripts [684 bp
(exon 4 deletion) and 552 bp (exon 4 and 5 deletion)] were not
found in the various tissues (including liver, kidney cortex,
heart, brain and the others) of normal rat and mouse (data not
shown), in accordance with previous studies (5,9). However,
the alternatively spliced variants of the regucalcin gene were
found in various human tissues. This physiological signifi-
cance in the appearance of alternatively spliced variants for
the regucalcin gene expression in human tissues is unknown.
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It is possible, however, that these variants play a role in the
physiological function of regucalcin in human tissues.

The characterization of regucalcin gene expression in
hepatoma cells is poorly understood. The mRNA expression,
post-translational processing and targeting of the gene may
be frequently altered in transformed cells. Regucalcin mRNA
expression in tumor tissues have been shown to be decreased
as compared with that in non-tumor tissues of chemically-fed
rats, while regucalcin mRNA expression has been observed
in transplantable Morris hepatoma cells (20). The sequencing
of cDNA cloning for regucalcin in human liver tissues and
cloned human hepatoma (HepG?2) cells has been previously
compared (28). We found that the human gene for regucalcin
gives rise to transcripts with different 5'-UTR sequences in
hepatoma cells; these genes contain identical coding regions,
differing only in their untranslated sequences. Moreover,
northern blot analysis using poly (A)* RNA from human liver
and HepG?2 cells revealed that regucalcin mRNA in the HepG2
cells was longer than that of the liver (28). These observations
demonstrate the existence of transcript heterogeneity of the
human gene for regucalcin in cancer cells. Regucalcin mRNA
expression has been shown to be decreased in HepG2 cells (30),
and this reduction may be implicated in the transcriptional
alteration (30). From these findings, it can be hypothesized that
the suppressed regucalcin gene expression in tumor tissues
plays a role in transcriptional alteration.

We also examined the expression of regucalcin protein in
the liver and kidneys using normal human tissues. Full-length
regucalcin protein (34 kDa) was expressed in the human normal
liver and kidney tissues. The regucalcin splice variant proteins
(25 and 20 kDa) were found in the normal liver, but not in
the normal kidney. As regucalcin splice variant proteins were
not found in the normal kidney, their expression may be tissue
specific. It has been reported that the proteolytic processing
of full-length regucalcin protein (34 kDa) leads to the produc-
tion of 2 molecular weight proteins of 28 and 24 kDa (29). In
our study, the liver proteins of 28 or 24 kDa and the kidney
protein of 27 kDa, which did not correspond to the predicted
molecular weight of the alternatively spliced variant proteins,
were detected at minimal levels. These proteins were specifi-
cally observed in each tissue and appeared to be produced
by proteolysis. It is unknown whether these proteins have a
functional role.

Furthermore, we found that the expression of full-length
regucalcin protein is suppressed in human liver hepatocel-
lular carcinoma and kidney clear cell carcinoma. Regucalcin
mRNA expression and its protein levels have been shown to be
decreased in cloned rat hepatoma H4-II-E cells as compared
to those of normal rat liver (24,25). The overexpression
of endogenous regucalcin has been found to suppress the
proliferation of cloned rat hepatoma H4-II-E cells enhanced
with serum stimulation (17,24,25). Regucalcin has been
demonstrated to cause G1 and G2/M phase cell cycle arrest
in H4-II-E cells (25). In addition, regucalcin has been shown
to have suppressive effects on cell proliferation, inducing
Gl and G2/M phase cell cycle arrest in cloned normal rat
kidney proximal tubular epithelial NRK52E cells (31). The
suppressive effects of regucalcin on cell proliferation may be
mediated through depression in various Ca?* signaling-depen-
dent protein kinases, protein phosphatases and PI3 kinase
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activities and the suppression of c-myc, Ha-ras, c-jun and chk?2
mRNA expression or the enhancement of p53 and Rb mRNA
expression (24,25,32). Moreover, regucalcin has been shown
to suppress protein synthesis and nuclear DNA and RNA
synthesis (16,17,19). Suppressed regucalcin gene expression
may lead to the development of carcinogenesis (16,21).

In conclusion, our study demonstrates that the full-length
and alternatively spliced variants of regucalcin mRNA were
expressed in various normal human tissues, including the liver,
kidneys, brain and lungs, and that the expression of full-length
regucalcin protein was found in human normal liver and
kidney tissues. We also found that the spliced variant proteins
of regucalcin appeared in the human normal liver but not in
the kidney tissues.
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