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Abstract. Regucalcin plays a pivotal role as a suppressor 
protein in signal transduction in various types of cells and 
tissues. The regucalcin gene is localized on the X chromo-
some. and its expression has been shown to be suppressed in 
various types of tumor tissue in animal and human subjects, 
suggesting a potential role of regucalcin in carcinogenesis. This 
study was undertaken to determine the effects of exogenous 
regucalcin on the proliferation of cloned human pancreatic 
cancer MIA PaCa-2 cells in vitro. The proliferation of the 
MIA PaCa-2 cells was suppressed following culture with 
regucalcin (0.01‑10 nM). Such an effect was also observed 
in pancreatic cancer Pt45P1 cells, that highly expressed 
tissue factor (high TF), or Pt45P1 cells, that highly expressed 
alternativly spliced variants of tissue factor  (asTF). In the 
MIA PaCa-2 cells, the suppressive effects of regucalcin on cell 
proliferation were not enhanced either in the presence of tumor 
necrosis factor‑α (TNF‑α), or in the presence of Bay K 8644, 
PD98059, staurosporine, wortmannin or 5,6‑dichloro‑1‑β‑D
‑ribofuranosylbenzimidazole (DRB). However, this was not 
the case for gemcitabine, which was shown to suppress cell 
proliferation. Exogenous regucalcin did not cause apoptotic 
cell death in the MIA PaCa-2 cells in vitro. These findings 
demonstrate that exogenous regucalcin exerts suppressive 
effects on the proliferation of human pancreatic MIA PaCa-2 
cells and that these effects are mediated through the inhibi-
tion of various signaling pathways related to nuclear factor-κB 
(NF-κB), extracellular signal-regulated kinase (ERK), protein 
kinase C, calcium signaling, phosphatidylinositol 3-kinase 
(PI3K) or nuclear transcription activity in vitro. Our data 
suggest that exogenous regucalcin exerts suppressive effects 
on the proliferation of human pancreatic cancer cells.

Introduction

Regucalcin was discovered in 1978 as a novel calcium‑regu
latory protein  (1‑4), and has been demonstrated to play a 
multifunctional role in the regulation of various types of cells 
and tissues (5‑7). The regucalcin gene (rgn) is localized on the 
X chromosome and has been identified in over 15 species in 
vertebrates and invertebrates (7‑11). Regucalcin gene expression 
is regulated by various transcription factors, including activator 
protein-1 (AP‑1), nuclear factor I-A1 (NF1‑A1), regucalcin gene 
promoter region-related protein (RGPR‑p117) and β‑catenin, 
which are modulated through intracellular signaling factors 
related to the phosphorylation and dephosphorylation of various 
proteins in the cytoplasm and nucleus in vitro (11). Regucalcin is 
expressed in various types of cells and tissues. Regucalcin gene 
expression is regulated by various hormonal factors (11,12).

Regucalcin, which is present in the cytoplasm, is translocated 
to the nucleus in various cell types dependent on the activation of 
calcium signaling (13). Regucalcin plays a role in the maintenance 
of intracellular calcium homeostasis, the inhibition of various 
protein kinases, protein phosphatases and protein synthesis in 
the cytoplasm and nucleus, as well as in the nuclear gene expres-
sion and DNA and RNA syntheses in various cell types (5‑7,13). 
Moreover, regucalcin has been shown to suppress cell prolifera-
tion and apoptotic cell death, which is mediated through various 
signaling factors (14,15). Regucalcin has been suggested to play 
a physiological role in maintaining cell homeostasis as a regula-
tory protein in intracellular signaling systems (14,15).

Regucalcin has been demonstrated to play a pathophysi-
ological role in metabolic disorders and diseases (16‑19). Of 
note, regucalcin has also been shown to be involved in carcino-
genesis (19). The gene and protein expression of regucalcin has 
been found to be suppressed in various types of tumor tissue in 
mammalian models and human subjects in vivo (19,20). It has 
also been shown that regucalcin gene expressionis downregulated 
during the development of carcinogenesis (14,19). The overex-
pression of endogenous regucalcin has been shown to suppress 
the proliferation of cloned rat hepatoma H4‑Ⅱ‑E cells in vitro, in 
which regucalcin gene expression is downregulated (21).

Moreover, regucalcin has been suggested to play a role 
as a suppressor protein in human carcinogenesis  (19,20). 
The present study was undertaken in an effort to determine 
whether exogenous regucalcin exerts a suppressive effect on 
the proliferation of pancreatic cancer cells in vitro. We found 
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that exogenous regucalcin suppressed the in vitro proliferation 
of pancreatic cancer MIA PaCa-2 cells, which are resistant to 
radiation therapy; however, regucalcin did not have an effect 
on apoptotic cell death.

Materials and methods

Materials (reagents). Dulbecco's modified Eagle's medium 
(DMEM) with 4.5 g/l glucose, L‑glutamine and sodium pyruvate 
and antibiotics (penicillin and streptomycin) were purchased from 
Invitrogen Corp. (Carlsbad, CA, USA). Fetal bovine serum (FBS) 
was from HyClone (Logan, UT, USA). Tumor necrosis 
factor‑α (TNF‑α) was from R&D Systems (Minneapolis, MN, 
USA). PD98059 [an extracellular signal‑regulated kinase (ERK) 
inhibitor], staurosporine (an inhibitor of protein kinase C), 
Bay K 8644 (an agonist of Ca2+ influx in cells), wortmannin [an 
inhibitor of phosphatidylinositol 3‑kinase (PI3K)] or 5,6‑dichlor
o‑1‑β‑D‑ribofuranosylbenzimidazole (DRB; an inhibitor of tran-
scriptional activity with RNA polymerase Ⅱ inhibition) and all 
other reagents were purchased from Sigma‑Aldrich (St. Louis, 
MO, USA) unless otherwise specified. Gemcitabine was obtained 
from Hospira, Inc. (Lake Forest, IL, USA), and it was diluted in 
phosphate‑buffered saline (PBS). All procedure and protocols 
for the use of the rat livers were approved by the Institutional 
Animal Care and Use Committee at Emory University.

Regucalcin. Regucalcin was isolated from rat liver cytosol, as 
previously described (1). The livers were perfused with Tris‑HCl 
buffer (pH 7.4), containing 100 mM Tris, 120 mM NaCl, 4 mM 
KCl, cooled to 4˚C. The livers were then removed, cut into small 
sections, suspended 1:4 (w/v) in Tris‑HCl buffer (pH 7.4) and 
homogenized in a Potter‑Elvehjem homogenizer with a Teflon 
pestle, as previously described (1). The homogenate was spun 
at 5,500 x g in a refrigerated centrifuge for 10 min, and the 
supernatant was spun at 105,00 x g for 60 min. The resulting 
supernatant was isolated to electorophoretic homogeneity by gel 
filtration on Sephadex G‑75 and G‑50, followed by ion‑exchange 
chromatography on diethylaminoethyl (DEAE)‑cellulose, as 
previously described (1). The purity of the isolated regucalcin 
was confirmed using SDS‑gel electrophoresis and western blot 
analysis.

Pancreatic cancer cells. For our experiments, we used 
pancreatic cancer MIA PaCa-2 cells, Pt45P1 cells with a high 
expression of tissue factor (high TF) or Pt45P1 cells with 
a high expression of alternatively spliced variants of tissue 
factor (asTF) (22,23). These human pancreatic cancer cell lines 
were obtained from the American Type Culture Collection 
(Rockville, MD, USA).

Cell proliferation. Pancreatic cancer MIA PaCa-2, Pt45P1 
(high TF) or Pt45P1 (asTF) cells (1x105/ml/well) were cultured 
using a 24‑well plate in DMEM containing 10% FBS and 
1% penicillin/streptomycin (P/S) in the presence or absence 
of regucalcin (0.01, 0.1, 0.5, 1 or 10 nM) for 1, 2, 3 and 7 days, 
as previously described  (21). In separate experiments, the 
cells (1x105/ml/well) were cultured in DMEM containing 
10% FBS and 1% P/S in the presence of TNF‑α (1 ng/ml), 
Bay K 8644 (1 µM), PD98059 (1 µM), staurosporine (0.1 µM), 
wortmannin  (1 µM) or DRB (1 µM) for 3 days. Following 

culture, the cells were detached from each culture dish to deter-
mine the cell number.

Apoptotic cell death. The pancreatic cancer MIA PaCa-2 or 
Pt45P1 (high  TF) cells (1x105/ml/well) were cultured in a 
24‑well plate in DMEM containing 10% FBS and 1% P/S in 
the absence of regucalcin for 7 days until they reached conflu-
ency (85-95%). Subsequently, the cells were cultured in the 
presence or absence of regucalcin (0.1, 1 or 10 nM) with or 
without gemcitabine (10-1,000 nM) for 7 days, as previously 
described (15). Following culture, the cells were detached 
from each culture dish to determine the cell number.

Cell counting. Following trypsinization of each of the culture 
dishes using 0.2% trypsin plus 0.02% EDTA in Ca2+/Mg2+‑free 
PBS for 2 min at 37˚C, the detached cells from each dish were 
collected following centrifugation. The cells were resuspended 
in PBS solution and then stained with eosin. The cell numbers 
were counted under a microscope using a hemocytometer 
(Sigma‑Aldrich). For each dish, the average of two countings 
was used. Cell numbers are presented as the number of cells 
per well in each plate.

Statistical analysis. Statistical significance was determined 
using GraphPad InStat software version 3 for Windows XP 
(GraphPad Software,  Inc., La  Jolla, CA, USA). Multiple 
comparisons were performed by one‑way analysis of vari-
ance (ANOVA) with the Tukey‑Kramer multiple comparisons 
post-hoc test for parametric data. A value of P<0.05 was 
considered to indicate a statistically significant difference.

Results

To determine the effects of exogenous regucalcin on the prolif-
eration of human pancreatic cancer cells, we used MIA PaCa-2 
cells, which are resistant to radiation. The MIA  PaCa-2 
cells were cultured in the presense of exogenous regucalcin 
(0.01‑10 nM) for 1‑7 days (Fig. 1). The cell numbers increased 
in a time-dependent manner (Fig. 1). The addition of exogenous 
regucalcin diminished the increase in cell number (Fig. 1), 
thus suggesting that cell proliferation was is suppressed by 
physiological concentrations of serum regucalcin (24).

Subsequently, in order to determine the suppressive 
effects of exogenous regucalcin on the proliferation of other 
human pancreatic cancer cells, we used Pt45P1 cells, which 
highly expressed tissue factor (high TF; Fig. 2A) or which 
highly expressed alternatively spliced variants of tissue factor 
(asTF; Fig. 2B) in vitro. These cells were cultured for 7 days in 
the presence or absence of regucalcin (0.1, 1 or 10 nM). The 
addition of exogenous regucalcin had a suppressive effect on 
the Pt45P1 cells (high TF and asTF;Fig. 2).

The suppressive effects of exogenous regucalcin on the 
proliferation of the pancreatic cancer MIA PaCa-2 cells were 
compared with the effects of other factors that have been shown 
to decrease cell proliferation. As shown in Fig. 3, the suppres-
sive effects of exogenous regucalcin (1 nM) on the proliferation 
of MIA PaCa-2 cells were not enhanced in the presence of 
TNF‑α (1 ng/ml), an enhancer of nuclear factor‑κB (NF‑κB) 
signaling (25), or in the presence of Bay K 8644 (1 µM), an 
agonist of Ca2+ influx in cells (26).
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Subsequently, we determined whether the suppressive 
effects of exogenous regucalcin on cell proliferation involve 
intracellular signaling pathways. The results revealed that the 
suppressive effects of exogenous regucalcin on cell prolifera-
tion were not enhanced in the presence of PD98059 (1 µM), an 
ERK inhibitor (27), or staurosporine (0.1 µM), an inhibitor 
of protein kinase C (28) (Fig. 4A). Moreover, the suppressive 
effects of regucalcin on cell proliferation were not enhanced in 
the presence of wortmannin (1 µM), an inhibitor of PI3K (29), or 

DRB (1 µM), an inhibitor of transcriptional activity with RNA 
polymerase Ⅱ inhibition (30) (Fig. 4B).

Moreover, the effects of exogenous regucalcin were compared 
with those of gemcitabine, an antitumor agent that induces nuclear 
DNA damage (31). The suppressive effects of regucalcin on the 
proliferation of pancreatic cancer cells were examined in the pres-
ence of gemcitabine. Culture with gemcitabine (100‑1,000 nM) 
suppressed the proliferation of the MIA PaCa-2 cells (Fig. 5A). 
The suppressive effects of regucalcin (1 nM) on the proliferation 

Figure 1. Exogenous regucalcin suppresses the proliferation of pancreatic cancer MIA PaCa-2 cells in vitro. Cells were cultured in Dulbecco's modified Eagle's 
medium (DMEM) in the presence or absence of regucalcin (0.01‑10 nM) for (A) 1, (B) 2, (C) 3 or (D) 7 days. Following culture, the number of attached cells on 
the dish was counted. Data are presented as the means ± SD of 2 replicate wells per data set using different dishes and cell preparations. *P<0.001 vs. control (grey 
bar), as shown by one-way ANOVA and the Tukey‑Kramer post-hoc test.

Figure 2. Exogenous regucalcin suppresses the proliferation of pancreatic cancer Pt45P1 cells in vitro. (A) Pt45P1 cells with a high expression of tissue factor (TF). 
(B) Pt45P1 cells with a high expression of alternatively spliced variants of TF (asTF). Cells were cultured for 7 days in the presence (0.1, 1 or 10 nM) or absence of 
regucalcin. Following culture, the number of attached cells on the dish was counted. Data are presented as the means ± SD of 2 replicate wells per data set using 
different dishes and cell preparations. *P<0.001 vs. control (grey bar), as shown by one-way ANOVA and the Tukey‑Kramer post-hoc test.
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of the MIA PaCa-2 cells were also observed in the presence of 
low concentrations of gemcitabine (10 nM), which did not have 
a significant effect on cell proliferation (Fig. 5B). However, the 
suppressive effects of regucalcin (1 nM) on cell proliferation were 
significantly enhanced in the presence of higher/high concentra-
tions of gemcitabine (100 nM) that had a suppressive effect on 
cell proliferation (Fig. 5B). A similar effect was also produced 
by treatment with 1 nM regucalcin in combination with 100 nM 
gemcitabine in the Pt45P1 (high TF) cells (Fig. 5C).

Figure 3. Suppressive effects of regucalcin on the proliferation of pancreatic 
cancer MIA PaCa-2 cells in the presence of tumor necrosis factor‑α (TNF‑α) 
or Bay K 8644 (an agonist of Ca2+ influx in cells) in vitro. Cells were cultured 
for 3 days in the presence of regucalcin (1 nM) with or without TNF‑α (1 ng/
ml) or Bay K 8644 (1 µM). Following culture, the number of attached cells on 
the dish was counted. Data are presented as the means ± SD of 2 replicate wells 
per data set using different dishes and cell preparations. *P<0.001 vs. control 
(grey bar), as shown by one‑way ANOVA and the Tukey‑Kramer post-hoc test. 
RGN, regucalcin.

Figure 4. Suppressive effects of regucalcin on the proliferation of pancre-
atic cancer MIA PaCa-2 cells in the presence of various inhibitors in vitro. 
(A) Cells were cultured for 3 days in the presence of regucalcin (1 nM) with or 
without PD98059 (an ERK inhibitor, 1 µM) or staurosporine (an inhibitor of 
protein kinase C, 0.1 µM). (B) Cells were cultured for 3 days in the presence 
of regucalcin (1 µM) with or without wortmannin (an inhibitor of PI3K, 1 µM) 
or 5,6‑dichloro‑1‑β‑D‑ribofuranosylbenzimidazole (DRB; an inhibitor of 
transcriptional activity with RNA polymerase Ⅱ inhibition; 1 µM). Following 
culture, the number of attached cells on dish was counted. Data are presented 
as the means ± SD of 2 replicate wells per data set using different dishes 
and cell preparations. *P<0.001 vs. control (grey bar), as shown by one‑way 
(ANOVA and the Tukey‑Kramer post-hoc test. RGN, regucalcin.

Figure 5. Suppressive effects of regucalcin on the proliferation of pancreatic 
cancer MIA PaCa-2 cells in the presence of gemcitabine (GCB) in vitro. 
(A) Cells were cultured for 7 days in the presence of GCB (10‑1,000 nM). 
(B) MIA PaCa-2 cells were cultured for 7 days in the presence of regucalcin 
(1 nM) with or without GCB (10 or 100 nM). (C) Pancreatic cancer Pt45P1 
cells [which highly express tissue factor (high TF)] were cultured for 7 days 
in the presence of regucalcin (1 nM) with or without GCB (10 or 100 nM). 
Following culture, the number of attached cells on the dish was counted. 
Data are presented as the means ± SD of 2  replicate wells per data set 
using different dishes and cell preparations. *P<0.00 vs. control (grey bar); 
**P<0.001 vs. GCB (100 nM) alone, as shown by one‑way ANOVA and the 
Tukey‑Kramer post-hoc test. RGN, regucalcin.
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The effects of regucalcin on apoptotic cell death in the 
pancreatic cancer MIA PaCa-2 cells were also determined. The 
cells were cultured for 7 days until reaching confluency, and 
the cells were then cultured for an additional 3 days (Fig. 6A) 
or 7 days (Fig. 6B) in the presence of regucalcin (0.1 or 1 nM) 
with or without gemcitabine (100 nM). The addition of exog-
enous regucalcin did not cause apoptotic cell death, whereas 
culture with gemcitabine for 3 or 7 days caused apoptotic cell 
death (Fig. 6). This effect was not significantly affected in the 
presence of regucalcin (Fig. 6).

Discussion

Previous studies have demonstrated that regucalcin plays a 
potential role as a suppressor of cell proliferation and carcino-
genesis (14,19). Regucalcin gene expression has been found to 
be downregulated in the tumor tissues of human subjects (20) 
and human cancer cells (18,32). The present study demonstrated 
that the proliferation of human pancreatic cancer MIA PaCa-2 
and Pt45P1 (high TF and asTF) cells was suppressed by the 
addition of exogenous regucalcin at physiological concentra-
tions (24), and that regucalcin did not have an effect on apoptotic 
cell death in vitro. To the best of our knowledge, this is the first 
time that regucalcin was shown to play a critical role in the 
suppression of human pancreatic cancer cell proliferation.

The overexpression of endogenous regucalcin has been shown 
to suppress the proliferation of cloned rat hepatoma H4‑II‑E cells 
in vitro (14,18,21). The overexpression of endogenous regucalcin 
has been demonstrated to cause G1 and G2/M phase cell cycle 

arrest in rat hepatoma H4‑II‑E cells (33) and in rat normal kidney 
NRK52E cells (34). The suppressive effects of endogenous regu-
calcin on cell proliferation are mediated through the suppression 
of the activities of Ca2+ signaling‑dependent protein kinases, 
protein phosphatases and PI3K, which are involved in various 
signaling pathways (14,18). The overexpression of endogenous 
regucalcin has been shown to suppress c‑myc, Ha‑ras, c‑jun 
and chk2 mRNA expression or enhance p53 and Rb mRNA 
expression (14,19,35,36). Moreover, regucalcin has been found 
to suppress cytoplasmic protein synthesis and nuclear DNA 
and RNA synthesis (13,14). Thus, endogenous regucalcin exerts 
suppressive effects on cell proliferation through multifunctional 
pathways in rat normal and cancer cells.

In addition, regucalcin has been shown to bind to the plasma 
membranes of rat liver in vitro (37). It is possible that exog-
enous regucalcin may bind to the plasma membranes of human 
pancreatic cancer MIA PaCa-2 cells and may thus regulate the 
intracellular signaling pathways that suppress cell proliferation. 
Our results revealed that the suppressive effects of regucalcin 
on the proliferation of pancreatic cancer MIA PaCa-2 cells were 
not enhanced either in the presence of TNF‑α, an enhancer of 
NF‑κB signaling (25), Bay K 8644, an agonist of Ca2+ entry in 
cells (26), PD98059, an ERK inhibitor (27), staurosporine, an 
inhibitor of calcium‑dependent protein kinase C (28), or in the 
presence of wortmannin, an inhibitor of PI3K (29). Thus, the 
suppressive effects of exogenous regucalcin on the proliferation 
of pancreatic cancer MIA PaCa‑2 cells were not modulated 
in the presence of various inhibitors that regulate intracellular 
signaling pathways related to cell proliferation in vitro. These 
findings support the view that the suppressive effects of exog-
enous regucalcin on cell proliferation are mediated through 
the inhibition of various intracellular signaling pathways 
(including NF-κB, calcium, ERK, protein kinase C, and PI3K) 
that are related to the proliferation of human pancreatic cancer 
MIA PaCa-2 cells.

Moreover, the results of this study demonstrated that the 
suppressive effects of regucalcin on cell proliferation were 
not enhanced in the presence of DRB, an inhibitor of tran-
scriptional activity with RNA polymerase Ⅱ inhibition (30). 
Intracellular signals for exogenous regucalcin, which are 
bound receptors on the plasma membranes of pancreatic 
cancer cells, may be transmitted into the nucleus to suppress 
transcriptional regulation and regulate the nuclear function of 
human pancreatic cancer MIA PaCa-2 cells.

However, the suppressive effects of exogenous regucalcin 
on the proliferation of MIA PaCa-2 cells were enhanced in 
the presence of gemcitabine, an antitumor agent that induces 
nuclear DNA damage (32). Exogenous regucalcin did not induce 
apoptotic cell death in human pancreatic cancer MIA PaCa-2 
cells in vitro, supporting the view that regucalcin does not 
have a promoting effect on apoptosis. Thus, the suppressive 
effects of exogenous regucalcin on the proliferation of human 
pancreatic cancer MIA PaCa-2 cells were independent of the 
induction of apoptosis. Exogenous regucalcin did not enhance 
the effects of gemcitabine on the induction of apoptosis. The 
mode of action of exogenous regucalcin in suppressing cell 
proliferation may differ from that of gemcitabine. However, 
the combination of exogenous regucalcin and gemcitabine 
may be a useful tool in enhancing the antitumor effects on 
human pancreatic cancer cells.

Figure 6. Effect of regucalcin on apoptotic cell death in pancreatic cancer 
MIA PaCa-2 cells in the presence or absence of gemcitabine (GCB) in vitro. 
Cells were cultured for 7 days until reaching confluency, and then the cells 
were cultured for an additional (A) 3 or (B) 7 days in the presence of regu-
calcin (0.1 or 1 nM) with or without GCB (100 nM). Following culture, the 
number of attached cells on the dish was counted. Data are presented as the 
means ± SD of 2 replicate wells per data set using different dishes and cell 
preparations. *P<0.001 vs. control (grey bar), as shown by one‑way ANOVA 
and the Tukey‑Kramer post-hoc test. RGN, regucalcin.
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In conclusion, in this study, we demonstrated that exogenous 
regucalcin had a significant suppressive effect on the prolif-
eration of human pancreatic cancer MIA PaCa-2 cells in vitro, 
suggesting a critical role for regucalcin as a novel cytokine that 
suppresses cell proliferation.
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