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Abstract

Calcitonin (CT), a polypeptide hormone, plays im-
portant roles in a variety of physiological processes. 
CT has been used clinically to treat osteoporosis and 
humoral hypercalcemia of malignancy. In order to clar-
ify the pharmacological effects of CT in the kidney, we 
identified potential downstream genes induced by CT 
in the renal cells. Using a cDNA subtraction hybrid-
ization method, we identified connective tissue growth 
factor (CTGF) as a CT-induced gene in the porcine renal 
cell line, LLC-PK1. Furthermore, we found that 
CT-mediated induction of the gene was not inhibited 
by cycloheximide, which suggests that CTGF gene 
was not induced by an increased synthesis of regulat-
ing proteins. Therefore, CTGF is an immediate early 
gene. We further demonstrated that the regulation of 
CTGF gene expression by CT involved the ERK1/2 
pathway, because PD98059, a MEK1 inhibitor, partially 
inhibited the mRNA expression of CTGF induced by 
CT. CT-induced CTGF protein expression was also ob-
served in vivo. Our present findings suggest that CT 
induces the transcription of CTGF through ERK1/2 
phosphorylation. We also identified twelve other 
genes induced by CT that, like CTGF, were related to 
wound healing. These results suggest that CT may 
have an effect on renal differentiation and wound heal-
ing in the kidney.  
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Introduction

Calcitonin (CT) is a polypeptide hormone secreted 
by the parafollicular cells of the thyroid gland 
(Foster, 1964). CT acts physiologically to reduce 
serum calcium levels by inhibiting osteoclastic bone 
resorption and promoting urinary calcium excretion 
(Bijvoet et al., 1971). In the kidney, sodium (Na+) 
reabsorption in the proximal renal tubule is depen-
dent mainly on the activity of the Na+, K+-ATPase 
and the apical Na+/H+ exchanger. Chakraborty et al. 
(1994) reported that CT affects the activity of 
proximal tubular Na+ transport systems, with the 
effect depending on the cell cycle phase in LLC-PK1 
cells. The inhibition of phosphate uptake by CT in 
the proximal renal tubule has also been reported 
(Muff et al., 1994). CT has been used clinically to 
treat osteoporosis and humoral hypercalcemia of 
malignancy (McDermott et al., 1987; Zaidi et al., 
1990). However, the pharmacological effects of CT 
in the kidney are unknown. 
    LLC-PK1 cells, which are isolated from the 
cortex of the porcine kidney, are widely used as a 
model of proximal tubules (Force et al., 1992). 
Many studies concerning the CT signaling pathway 
and its function have been performed since the CT 
receptor was first cloned from these cells (Lin et 
al., 1991). Yoshida et al. (1999) reported that CT 
upregulated 25-hydroxyvitamin D3 1α-hydroxylase 
via the PKC pathway in LLC-PK1 cells. In our 
previous study, we found that the transcription of 
the NF-IL3A and urokinase type-plasminogen acti-
vator (uPA) was induced by CT through MAPK 
pathway in LLC-PK1 cells (Nakamura et al., 2002). 
These results suggest that CT has functions other 
than regulating calcium excretion. 
    In this study, we identified CT-induced genes in 
LLC-PK1 cells and clarify whether the induction 
involves MAPK pathway of connective tissue growth 
factor (CTGF) by CT.  

Results

Isolation of genes induced by CT

In order to identify specific genes that are induced 
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Figure 1. Effect of CT on mRNA expression levels of 12 genes in LLC-PK1 cells. Cells were incubated with 10-8 M CT for the indicated times. The mRNA 
levels were evaluated by Northern blot hybridization. In order to control for equal loading of the gels, the expression of each gene was normalized to the 
levels of 18s rRNA.

Gene Accession No. Fold*
Urokinase-type plasminogen X02724 17.50
 activator
NF-κB M58603 7.49
IL-8 M86923 3.00
IL-3 promoter transcriptional S79880 2.74
 activator (NF-IL3A)
Connective tissue AU059051 2.46
 growth factor
Thrombospondin X14787 2.01
Heat shock protein 70 L12723 1.92
FGF receptor X56191 1.67
Apolipo-protein B L11235 1.65
Lactoferrin L24753 1.63
Gs C95011 1.59
Mitochondrial ATP X06088 1.52
 synthase b-subunit
Heparin-binding growth M35718 1.44
 factor receptor k-sam

*The fold was determined from a comparison of RNA from cells treated 
with and without CT for 3 h.

Table 1. List of genes induced by CT in LLC-PK1.

by CT in renal cells, we created a subtraction library 
of clones from LLC-PK1 cells treated with CT for 3 
h. A total of 13 known genes were up-regulated by 
CT, including CTGF, urokinase-type plasminogen 
activator (uPA), NF-κB, IL-8, interleukin-3 promoter 
transcriptional activator (NF-IL3A), thrombospondin, 
heat shock protein 70, FGF receptor, apolipo-
protein B, lactoferrin, Gs, mitochondrial ATP syn-
thase b-subunit and heparin-binding growth factor 
receptor k-sam (Table 1). The effects of CT on the 
expression levels of these genes were examined 
by Northern blot analysis (Figure 1).

CTGF is a CT-induced gene  

CT increased CTGF mRNA (2.4 kb) levels to a 
maximum (5.8 fold) after 1 h of CT treatment 
(Figure 2A). In order to test the possibility that CT 
regulates CTGF expression through de novo pro-
tein synthesis of cytokines or transcription factors, 
the cells were preincubated with a protein synthe-
sis inhibitor, cycloheximide (10 μg/ml), for 3 h, then 
further incubated with CT (10-8 M) for 3 h. We 
observed that CT-mediated induction of CTGF was 
not inhibited by cycloheximide (Figure 2B). These 
results suggest that the induction of CTGF gene 
expression by CT is not mediated by de novo 
protein synthesis. 

CT induces CTGF through the ERK pathway  

We have found that CT-induced ERK1/2 phospho-
rylation is mediated by the MEK-ERK pathway 

(Nakamura et al., 2002) (Figure 3A). In order to 
determine if CTGF induction involves this signaling 
pathway, the effect of ERK inhibition was deter-
mined. Cells were preincubated with 50 μM 
PD98059 for 30 min. The cells were further 
incubated with 10-8 M CT for 1 h. Pretreatment of 
the cells with PD98059 caused a significant de-
crease in CTGF mRNA expression (P ＜ 0.05) 
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Figure 2. Effects of various reagents on CT-induced expression of CTGF in LLC-PK1. (A) Induction of CTGF mRNA in LLC-PK1 cells. Cells were in-
cubated with 10-8 M CT for the indicated times. CTGF mRNA expression levels were evaluated by Northern blot hybridization. The ratios of CTGF to 18s 
rRNA were calculated. An arbitrary value of 100 was assigned to the control (0 h). Data are presented as means ± SEM of three experiments. *P ＜
0.05, compared with control. (B) Influence of cycloheximide on CT-induced expression of CTGF in LLC-PK1. LLC-PK1 cells were treated with cyclo-
heximide (CHX; 10 μg/ml) and/or 10-8 M CT for the indicated times. CTGF mRNA expression levels were evaluated by Northern blot hybridizarion. NONE, 
without any treatment; CT, CT treatment for 3 h; CHX, CHX treatment for 3 h; CHX/CT, CHX treatment for 3 h then followed by CT treatment for 3 h. The 
ratios of CTGF to 18s rRNA were calculated. An arbitrary value of 100 was assigned to the control (NONE). Data are presented as means ± SEM of 
three experiments. *P ＜ 0.05, compared with control.

(Figure 3B). 

CT induces CTGF expression in vivo 

In order to assess whether CT induces CTGF in 
vivo, CT was injected into the tail veins of mice. 
Three hours after injection, CTGF expression in 
the kidneys was analyzed by immunohistoche-
mistry. The specificity of the CTGR antibody was 
confirmed using human cirrhosis as positive 
control. CTGF immunostaining was observed in 
the renal tubular epithelium in the inner zone of 
renal cortex of CT injected mice. Little or no 
staining was identified in the vehicle-injected mice 
(Figure 4).  

Discussion

Using cDNA subtraction hybridization, we have 
identified CTGF as a CT-responsive gene. mRNA 
expression of the gene was increased within 1 h 
after CT treatment, and did not require any new 
protein synthesis. CTGF belongs to the family of 
low-affinity insulin-like growth factor-binding pro-
teins, which consists of Mac25, the nov oncogenes 
and cyr61 (Kim et al., 1979). It is also classified as 

a member of the CCN (CYR61, CTGF and NOV) 
family (Bork et al., 1993; Lau et al., 1999). CTGF is 
an immediate early response gene (Igarashi et al., 
1993), which are generally induced by a variety of 
mediators. 
    All progressive renal diseases are the conse-
quence of a process of destructive fibrosis. CTGF 
has a fibrosis-promoting effect, as does angiotensin 
II, endothelin-1 and TGF-β (Eddy, 2000). CTGF 
mRNA levels have been reported to be elevated in 
various types of renal disease characterized by 
glomerulosclerosis, tubulointerstitial fibrosis, and 
diabetic renal disease (Ito et al., 1998; Thomson et 
al., 2008). In addition, CTGF was found to be 
upregulated in wound healing and renal fibrosis 
(Blom et al., 2001).  
    The exact extent and time-course of activation of 
the ERK, JNK/SAPK and p38 MAPK cascades by 
particular stimuli are highly distinctive and cha-
racteristic for each stimulus (Cano et al., 1995; 
Hazzalin et al., 1998). Previously, we demons-
trated that CT activation of LLC-PK1 cells stimu-
lated ERK1/2 phosphorylation through MEK 
(Nakamura et al., 2002), however, CT suppressed 
ERK1/2 constitutive activation in human cancer 
cells (Nakamura et al., 2007). We showed that 
ERK activation by CT is abolished completely by 
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Figure 3. Effects of ERK1/2 pathway on CTGF expression by CT in 
LLC-PK1. (A) Effects of CT and PD on CTGF expression. Subconfluent 
LLC-PK1 cells were treated with 10-8 M CT or 50 μM PD98059 for the in-
dicated times. CT, 10-8 M CT treatment for 30 min; PD, 50 μM PD98059 
treatment for 30 min; CT/PD, treatment of 50 μM PD98059 for 30 min fol-
lowed by 10-8 M CT treatment for 30 min (B) Influence of PD98059 on 
CT-induced expression of CTGF. Cells were preincubated with 50 μM 
PD98059 for 30 min followed by 10-8 M CT incubation for 30 min. CTGF 
mRNA expression levels were evaluated by Northern blot hybridization. 
The ratios of CTGF to 18s rRNA were calculated. An arbitrary value of 
100 was assigned to the control. Data are presented as means ± SEM 
of three experiments. *P ＜ 0.05, compared with 10-8 M CT-treated cells.

PD98059, however, CTGF expression induced by 
CT was a partially inhibited by PD98059. These 
findings suggest that the induction of CTGF trans-
cription by CT is accomplished, in part, via the 
ERK pathway. 
    The regulation of CTGF mRNA and protein 
expression by the ERK signaling pathway has also 
been demonstrated in the lung stimulated by 
TGF-β (Xie et al., 2005). CTGF induces extrace-
llular matrix protein production, cell migration, and 
actin cytoskeletal rearrangements through ERK 

and protein kinase B in human mesangial cells 
(Crean et al., 2002). Hahn et al. (2000) observed 
that CTGF mRNA in mesanglial cells was increa-
sed by serotonin (5-HT) and lysophosphatidic acid 
(LPA), and that these increases were dependent 
on Rho proteins, but not ERK1/2 phosphorylation. 
In retinal vascular cells, VEGF-induced CTGF 
expression was dependent upon the PI3-kinase-AKT 
pathway, but independent of ERK phosphorylation 
(Suzuma et al., 2000). Heusinger-Ribeiro et al. 
(2001) have demonstrated the roles of small 
GTPase RhoA and an intact cytoskeleton in me-
diating stimulation of CTGF expression by LPA or 
TGF-β in a renal fibroblast cell line. These results 
suggest that CTGF expression is regulated by 
different stimuli acting via different pathways in 
different cell types.  
    In the present study, CT-induced CTGF expre-
ssion was confirmed in tubular epithelium of mice. 
These results support the idea that CT-induced 
CTGF expression is mediated through CT binding 
sites in renal tubule cells. We have shown expre-
ssion of CTR mRNA in rat kidney by ISH and 
demonstrated intensive CTR expression in the 
proximal and distal tubule (Ishii et al., 2004). 
    In transgenic mouse embryos and fetuses, the 
promoter activity of the CTR gene has been shown 
to be developmentally regulated in a number of 
tissues (Jagger et al., 1999, 2000), showing an 
important role for CTRs in mammalian morphoge-
nesis. It has also been reported that various tissues 
and organ systems including kidney produce CTGF 
in a specific temporal-spatial pattern during em-
bryogenesis, which supports a role for CTGF in 
cellular differentiation and development during 
prenatal life (Surveyor et al., 1999). Therefore, 
CTGF-induction by CT in the kidney may play a 
role in renal differentiation in early stages of 
development.  
    In addition to CTGF, we identified 12 other 
CT-regulated genes using cDNA subtraction hybri-
dization. Most, like CTGF, are involved in inflam-
mation and wound healing. In cultured cell models, 
CTGF, uPA and HSP70 genes are induced by 
wounding (Pawar et al., 1995). Song et al. (2007) 
reported that uPA forms a complex with protein C 
inhibitor, which is known to regulate blood coa-
gulation, wound healing, and tumor metastasis, 
and the two proteins are colocalized in the renal 
proximal tubular epithelial cells. NF-κB has been 
reported to be upregulated in uroteropelvic junction 
obstruction (Ruiz-Deya et al., 2002). Thrombo-
spondin is known to play a role in embryogenesis, 
wound healing, angiogenesis, and tumorigenesis 
(Taraboletti et al., 1992). 
    In summary, we showed that CT in pharmaco-
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Figure 4. Immunohistochemical staining for CTGF in CT-treated and untreated mice. Immunohistochemical staining for CTGF was performed at 3 h after 
the intravenous injection of CT (A, B, C) or vehicle (D, E, F) into the tail of C57BL6 mice. Diffuse cytoplasm staining in tubule cells is seen (A, B, C). All the 
untreated renal cells are immuno-negative (D, E, F). A and D, ×40, B and E, ×100; C and F, ×200; *, glomerulus; ☆, medulla; ★, cortex;       , prox-
imal tubule cell; ⇨, distal tubule cell.

logical doses induces the expression of CTGF 
through ERK1/2 signaling in renal tubular epithe-
lium. CT may play important roles in renal differen-

tiation and wound healing by inducing various 
genes, including CTGF. These are new function of 
CT in the kidney. 
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Methods

Materials

Salmon CT was purchased from Peninsula Laboratories, 
Inc. (Belmont, CA). PD98059 was from New England 
Biolabs, Inc. (Beverly, MA), cycloheximide was purchased 
from Sigma Chemical Co. (St. Louis, MO) and primary 
antibody against CTGF was from Torrey Pines Biolabs, Inc. 
(Houston, TX). Antibodies against phosphorylated and 
nonphosphorylated ERK1/2 were purchased from Cell 
Signaling Technology (Beverly, MA).

Cell line and cell culture

Porcine proximal kidney tubular cell line LLC-PK1 was 
obtained from the Japanese Cancer Research Resources 
Bank (Tokyo, Japan). LLC-PK1 cells were routinely cul-
tured in RPMI 1640 medium with 10% FBS (HyClone, 
Road Logan, UT) at 37oC with 5% CO2.

Animals

Eight-month-old female C57BL/6 mice (Charles River, 
Sagamihara, Japan) were used. An intravenous injection of 
CT (200 μl of 10-5M stock) or vehicle (200 μl isotonic saline 
solution) into the tail vein was performed. CT was 
dissolved in isotonic saline solution (0.9% NaCl) containing 
1.2 M aminocaproic acid (pH 6.0) as peptidase inhibitor 
(Han et al., 2006). After 3 h, the treated mice were killed 
and the kidneys were fixed in 4% glutaraldehyde solution 
at 4oC overnight. All protocols for in vivo studies were 
approved by the Institutional Animal Care and Use 
Committee of Wakayama Medical University. 

cDNA subtraction

Suppression subtractive hybridization was performed using 
the Clontech PCR-Select cDNA Subtraction kit (CLONTECH, 
Palo Alto, CA). In brief, poly (A)+ RNA was prepared from 
LLC-PK1 cells that were treated with or without 10-8 M CT 
for 3 h using the mRNA Separator Kit (CLONTECH). 
Following the manufacturer's protocol, 1 μg of RNA from 
each of the samples was used to prepare a population of 
subtracted cDNA clones from the cells treated with CT. 
Clones induced by CT were subcloned into pCR 2.1 vector 
using the TA cloning kit (Invitrogen, Carlsbad, CA). The 
ligation mixture was transfected into TOP10F' cells accor-
ding to the manufacture's protocol (Invitrogen). Single colo-
nies were picked and screened for inserts using PCR. 
Randomly picked clones were sequenced for inserts using 
nested PCR primer1 (CLONTECH) and sequences were 
submitted for BLAST analysis using public domain NCBI 
databases.

Northern blot analysis

After stimulation of LLC-PK1 cells with CT for various 
times, total RNA was extracted using the ULTRASPEC 
RNA Isolation System (Biotecx Laboratories, Inc., Houston, 
TX). Separation of total RNA (10 μg/lane) was achieved by 
electrophoresis in 1.2% agarose gels containing 1.9% 

formaldehyde with 1 × MOPS as the running buffer. 
Separated RNA was transferred to nylon membranes by 
capillary blotting and fixed by GS GENE LINKER 
(BIO-RAD Lab., Hercules, CA). Hybridization was per-
formed with cDNA inserts labeled with [32P] αATP using the 
Hotprime DNA labeling kit (GeneHunter, Nashville, TN). 
Quantitative analysis of the autoradiograph was performed 
by the NIH Image densitometry program and normalized to 
the 18s rRNA stained with ethidium bromide. 

Cellular protein extraction and Western blot analysis

LLC-PK1 cells were grown to 80% confluence and the 
medium was replaced with RPMI1640 with 0.5% FBS for 
18 h. Afterwards, the cells were treated with a variety of 
agents. Cellular protein extraction was performed as 
previously described (Zhang et al., 1997) except that soni-
cation was omitted. Protein concentrations were assayed 
using BCA Protein Assay Reagent (Pierce, Rockford, Ill). 
Twenty micrograms of total protein from each sample was 
analyzed by electrophoresis in a 10% SDS-polyacrylamide 
gel and transferred to a polyvinylidene fluoride membrane 
(Millipore, Bedford, MA). Membranes were incubated with 
primary antibody overnight at 4oC followed by incubation 
with the HRP-coupled anti-rabbit IgG secondary antibody 
(DAKO Glostrup, Denmark) (1:3000) at room temperature 
for 1 h. Reactive proteins were detected using an ECL kit 
(Amersham, Buckinghamshire, England) according to the 
manufacturer's instructions. 

Immunohistochemistry

Glutaraldehyde-fixed, paraffin-embedded sections of the 
kidneys were used for this study. Immunohistochemical 
staining was carried out using the indirect method with 
polyclonal antibodies against CTGF. Briefly, tissue sections 
of 4 μm thickness were prepared. After deparaffinization 
and rehydration, endogenous peroxidase activity was 
blocked with a 1% solution of hydrogen peroxide in 
absolute methanol for 35 min. For antigen retrieval, the 
sections were immersed in 1 mM citrate-phosphate buffer, 
and microwaved at 100oC for 15 min. The sections were 
incubated with 10 μg/ml anti-mouse CTGF polyclonal 
antibody for 30 min at 37oC using an automatic immuno- 
histochemical staining system (VENTANA NX System 
NX-IHC/20; Ventana Medical Systems Japan, Inc., Tokyo, 
Japan). After reaction with a rabbit biotinylated secondary 
antibody, antigen-antibody was visualized using a 
streptavidin-HRP conjugate (DAKO LSAB kit; DAKO, Los 
Angeles, CA) with diaminobenzidine. Sections were 
counterstained with hematoxylin.

Statistical analysis

Determinations were performed in triplicate, and all 
experiments were repeated three times. Results are 
expressed as the mean ± SEM. Statistical analysis was 
performed by one-way ANOVA. A P-value of ＜0.05 was 
considered statistically significant.
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