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Connective tissue growth factor (CTGF), a down-
stream mediator of transforming growth factor-�1,
mediates mesangial cell/fibroblast proliferation and
extracellular matrix production by renal cells. Here,
we show that renal tubular epithelial cells from
patients with minimal change nephritic syndrome
produced CTGF after glucocorticoid treatment. In ad-
dition, the glucocorticoid dexamethasone (DEX) in-
creased CTGF mRNA levels in the kidneys of C57B6
but not SJL mice and produced intermediate CTGF
mRNA levels in the kidneys of F1 (C57B6 � SJL) mice,
midway between the levels found for parental strains.
DEX also increased CTGF mRNA levels in cultured
tubular epithelial cells derived from C57B6
(mProx24) but not SJL (MCT) mice via transcriptional
up-regulation of CTGF mRNA. Transient transfection
experiments using luciferase reporter constructs
bearing CTGF promoter fragments revealed that the
�897- to �628-bp fragment contained DEX-respon-
sive positive regulatory elements, which were active
in mProx24 but not MCT cells. Long-term DEX treat-
ment resulted in fibronectin deposition in the kid-
neys of C57B6 but not SJL mice, and this effect was
inhibited by co-administration of CTGF anti-sense oli-
godeoxynucleotides. Thus, glucocorticoid-induced re-
nal fibrogenesis seems to be influenced by genetic
background, with the critical DEX-responsive ele-
ments in the �897- to �628-bp region of the CTGF
promoter. (Am J Pathol 2006, 168:737–747; DOI:
10.2353/ajpath.2006.050656)

Connective tissue growth factor (CTGF) is a member of
the CTGF, cyr 61/cef 10, nov (CCN) protein family, which
participates in a wide variety of biological processes
such as embryonic development and tissue repair.1,2

CTGF itself is a potent and ubiquitously expressed
growth factor for fibroblasts, chondrocytes and vascular
endothelial cells.2 CTGF is also a downstream mediator
of transforming growth factor (TGF)-�1, a key cytokine
involved in renal fibrogenesis, ie, glomerulosclerosis and
interstitial fibrosis. As such CTGF plays a unique role in
mediating mesangial cell/fibroblast proliferation and ex-
tracellular matrix production by renal cells.3,4 Glomerular
visceral/parietal epithelial cells, mesangial cells, fibro-
blasts, and endothelial cells have been shown to produce
CTGF in fibrosing kidneys.4–6 We previously showed that
tubular epithelial cells are potent producers of CTGF and
that CTGF itself probably plays a role in renal fibrogen-
esis, as determined using the remnant kidney model.7,8

Minimal change nephrotic syndrome is a benign
disease that rarely leads to renal failure.9 Although its
frequency remains to be clarified, however, minimal
change nephrotic syndrome follows a steroid-depen-
dent course, and relapsing patients sometimes de-
velop renal functional impairment as a result of glomer-
ulosclerosis and/or interstitial fibrosis that is thought
to be attributable to long-term protein overload.10 As
an alternative hypothesis, we proposed that these
changes might be attributable to long-term exposure to
glucocorticoids, which have been reported to be po-
tent inducers of CTGF in the kidney.11 In this study, we
immunohistochemically analyzed human renal biopsy
material and mouse kidneys to determine which kidney
cells expressed CTGF in response to glucocorticoid
treatment. Our results showed that glucocorticoid in-
duced CTGF expression in tubular epithelial cells. We
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then examined the molecular mechanisms responsible
for this effect using cultured mouse tubular epithelial
cells. Finally, we determined whether glucocorticoid
treatment itself induced renal fibrogenesis.

Materials and Methods

Cell Culture

Cultured mouse proximal tubular epithelial cell lines,
mProx2412 and MCT,13 derived from C57B6 and SJL
mice, respectively, were maintained in Dulbecco’s mod-
ified Eagle’s medium containing 10% fetal calf serum,
100 U/ml penicillin, and 100 �g/ml streptomycin. For
experimental purposes, the cells were seeded in six-well
plates (1 � 105 cells/well) and incubated overnight in
growth medium, after which the medium was replaced
with modified K-1 medium (50:50 Ham’s F-12/Dulbecco’s
modified Eagle’s medium with 5 �g/ml of transferrin and
5 �g/ml of insulin). After 48 hours, various doses of dexa-
methasone (DEX; Sigma, St. Louis, MO) or rhTGF-�1
(R&D Systems, Minneapolis, MN) were added to the
wells, and the cells were harvested for mRNA extraction
as described below after various incubation times. To
examine the mechanism of DEX-induced CTGF expres-
sion in these cells, neutralizing anti-TGF-� (Genzyme
Corp., Cambridge, MA) and anti-CTGF7 antibodies, as
well as rmTNF-� (10 ng/ml; R&D Systems), the AP-1
inhibitor curcumin (4.0 �mol/L; Sigma), the PKC inhibitor
H7 (1.0 �g/ml; Sigma), the MEK inhibitor U0126 (10
�mol/L; Sigma), or the tyrosine kinase inhibitor genistein
(10 �mol/L; Sigma) were added to the cultures 30 min-
utes before DEX (1000 nmol/L). After an incubation of 3
hours, the cells were harvested. To determine the CTGF
mRNA stability of these DEX-treated cultured cells, those
that had been incubated in the presence or absence of
DEX (1000 nmol/L) for 3 hours were treated with the
transcriptional inhibitor actinomycin-D (5 �g/ml; Sigma)
for varying periods of time, after which they were har-
vested for RNA extraction.

In a separate experiment, cells were harvested from
collagenase-digested fragments of proximal tubules ob-
tained from the cortices of both C57B6 and SJL mice
using a modification of a previously described proce-
dure.14 Briefly, cortices were minced and incubated with
0.5 mg/ml of collagenase (type IV-S; Sigma) and 0.5
mg/ml of soybean trypsin inhibitor (Sigma) in Hanks’ salt
solution for 30 minutes at 37°C. After the large undi-
gested fragments were removed by gravitation, the sus-
pension was mixed with an equal volume of Hanks’ so-
lution containing 10% horse serum and centrifuged at
500 rpm for 7 minutes at room temperature. The pellets
were washed once with Dulbecco’s modified Eagle’s me-
dium by centrifugation, after which they were resus-
pended in the modified K-1 medium. Cells isolated using
this technique were previously shown to be predomi-
nantly proximal tubular cells.14 The response of these
cells to DEX and rhTGF-�1 was determined as described
above for the mProx24 and MCT cell lines.

Treatment of Mice with DEX

Animal care and treatment were provided in con-
formity with institutional guidelines. Male C57B6, SJL,
F1(C57B6xSJL), Balb/C, and 129 mice (5 to 7 weeks of
age) were injected intraperitoneally with 1 mg of DEX in
phosphate-buffered saline (PBS) per kg body weight;
control mice were injected with PBS alone. These animals
were then serially sacrificed after 1, 3, 12, 24, or 48 hours,
and their kidneys, liver, and lungs were harvested and
processed for RNA isolation and immunohistochemistry.

Separate cohorts of C57B6 and SJL mice were in-
jected intraperitoneally daily for 2 weeks with 1 mg/kg of
DEX. We previously reported that when a given anti-
sense oligodeoxynucleotide (ODN) was injected intrave-
nously into rodents, it was absorbed into the proximal
tubular epithelium where it was retained for nearly 48
hours and during which time it could block transcription
of a target gene.7,15 Thus, these mice were similarly
injected intravenously with the CTGF anti-sense (5�-TGC-
GACGGAGGCGAGCAT-3�)7 or mutated anti-sense
ODNs (5�-TGCAGTGGAAATGAGTGC-3�) at a concen-
tration of 1.0 mg/kg every 2 days from day 0 to day 14.
The experimental groups consisted of C57B6 mice that
were treated with DEX and anti-sense ODN (C57-AS, n �
8), C57B6 mice treated with DEX and mutated anti-sense
ODN (C57-mAS, n � 8), SJL mice treated with DEX and
anti-sense ODN (SJL-AS, n � 8), SJL mice treated with
DEX and mutated anti-sense ODN (SJL-mAS, n � 8), and
negative control mice of both strains (C57-NC, n � 8;
SJL-NC, n � 8). After 12 hours or 2 weeks of treatment,
the renal tissues from these animals were harvested for
RNA extraction and immunohistochemistry.

Immunohistochemistry

Twelve renal biopsy specimens from patients with mini-
mal change nephrotic syndrome, six of whom had just
received steroid pulse therapy (500 mg/24 hours of meth-
yl-prednisolone for 3 days) and six who did not, were
examined for the presence of CTGF. The specimens, all
of which were confirmed cases of minimal change ne-
phrotic syndrome, came from patients who underwent
renal biopsy at our hospital between 1996 and 2002 for
the evaluation of nephrotic range proteinuria. The proto-
col for the use of human materials was approved by the
ethics committee of the institution. The specimens from
these patients, as well as renal samples from the mice
described above, were fixed in 4% paraformaldehyde
overnight and processed for paraffin embedding. Sec-
tions (4 �m) were cut from these blocks, after which they
were deparaffinized, rehydrated, and treated with pro-
teinase K. The sections were then boiled in citrate buffer
in a microwave to unmask antigenic sites. Endogenous
biotin was blocked by using a biotin blocking system
(X0590; DAKO Corp., Carpinteria, CA). The sections
were then immersed in 3% H2O2 in methanol to inhibit
endogenous peroxidase and incubated with 1% nonfat
milk in PBS to block nonspecific binding. Rabbit poly-
clonal anti-CTGF (1:200) or anti-fibronectin (anti-FN; Life

738 Okada et al
AJP March 2006, Vol. 168, No. 3



Technologies, Inc., Grand Island, NY) (1:400) primary
antibodies were then applied to the sections, after which
the sections were washed and then incubated with a
biotin-conjugated anti-rabbit IgG secondary antibody.
A catalyzed signal amplification system peroxidase
(K1500; DAKO) was used to visualize the antibody
reactions.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) and Real-Time RT-PCR

Total RNA was extracted from the homogenates of kidney
tissues and cultured cells using TRIzol (Life Technolo-
gies, Inc.) according to the manufacturer’s instructions.
All RNA samples were pretreated with RNase-free DNase
I (Qiagen, Basel, Switzerland). The RT-PCR assay was
performed to detect the expression of the glucocorticoid
receptor gene using glucocorticoid receptor primers, for-
ward 5�-CAAAGCCGTTTCACTGTCC-3� and reverse 5�-
ACAATTTCACACTGCCACC-3�.16 The PCR protocol was
as follows: 94°C for 2 minutes, followed by 30 cycles at
94°C for 1 minute, 56°C for 1 minute, and 72°C for 1
minute, and ending with 72°C for 7 minutes. Real-time
quantitative one-step RT-PCR assay was performed to
quantify CTGF, TGF-�1, fibronectin EIIIA isoform (FN-
EIIIA), �1 chain of type I procollagen (�1COLI), angio-
tensinogen, and GAPDH mRNAs using QuantiTect SYBR
Green RT-PCR (Qiagen) and an ABI Prism 7700 se-
quence detection system (Applied Biosystems, Tokyo,
Japan). The primers used for real-time RT-PCR were as
follows: CTGF primers, forward 5�-GTGGAATATTGCCG-
GTGCA-3�, reverse 5�-CCATTGAAGCATCTTGGTTCG-
3�; TGF-�1 primers, forward 5�-TCGTGGAACTGC-
CCTACCAG-3�, reverse 5�-ATGTTGGTGAGGGCGGAG-
AG-3�; FN-EIIIA primers, forward 5�-ATCCGGGAGCTTT-
TCCCTG-3�, reverse 5�-TGCAAGGCAACCACACTGAC-
3�; �1COLI primers, forward 5�-TGTAAACTCCCTCCAC-
CCCA-3�, reverse 5�-TCGTCTGTTTCCAGGGTTGG-3�;
angiotensinogen primers, forward 5�-GAGGCAAATCT-
GAGCAACATTG-3�, reverse 5�-GAGTTCGAGGAGGAT-
GCTATTGA-3�; and GAPDH primers, forward 5�-TG-
CAGTGGCAAAGTGGAGATT-3�, reverse 5�-TTGAATTT-
GCCGTGAGTGGA-3�. All of these oligonucleotides were
designed by using Primer Express software (Perkin
Elmer, Foster City, CA). Preliminary RT-PCR experiments
in which these primer sets were used yielded appropri-
ately sized, single products.

Luciferase Reporter Constructs and Transient
Transfection Assay

A series of firefly luciferase reporter minigenes were con-
structed bearing various 5� fragments of the CTGF gene.
The plasmids, pCT-897.L, pCT-628.L, pCT-483.L, and
pCT-202.L contained genomic DNA �897, �628, �483,
and �202 bp upstream of the transcription start site,
respectively. In these plasmids, genomic fragments were
placed 5� of the firefly luciferase cDNA in pGL3b (Pro-

mega, Madison, WI). The accuracy of all constructed
plasmids was verified by sequencing.

Transient transfections were performed using Trans-
Fast (Promega) according to the manufacturer’s instruc-
tions. The Dual Luciferase system (Promega) was used
for the sequential measurement of firefly and Renilla lu-
ciferase activity using the specific substrates of beetle
luciferin and coelenterazine, respectively. One �g of
pCT-897.L or isomolar amounts of other firefly luciferase
constructs were co-transfected with 0.5 �g of Renilla
luciferase control plasmid (pRL-TK; Promega) into 1.0 �
105 cells plated in each well of a six-well plate. The
medium was changed 12 hours later, and the cells were
incubated with or without 1000 nmol/L DEX in K-1 me-
dium for another 36 hours. Quantification of luciferase
activity and the calculation of relative ratios were per-
formed manually using a luminometer (TD-20/20; Turner
Designs, Sunnyvale, CA). The genomic sequences from
�897 to �628 bp upstream of the transcription start site
of the CTGF gene in C57B6 and SJL mice were deter-
mined using capillary sequence methods.

Statistical Analysis

Values are presented as the means � SE. Statistical
differences between groups were evaluated using a
Bonferroni/Dunnett’s test; P values that were �0.05 were
considered to be statistically significant.

Results

Demographic data for the 12 patients whose biopsies
were examined in this study are shown in Table 1. Al-
though no CTGF protein expression was detected in the
kidneys from the six untreated minimal change nephrotic
syndrome patients (Figure 1A), CTGF protein localized in
the tubular epithelial cells in four of the six kidney tissues
from minimal change nephrotic syndrome patients who
had been treated or who had just finished their treatment
with steroid pulse therapy (Figure 1B). There were no
differences in the demographic data between the CTGF-
positive and -negative minimal change nephrotic syn-
drome patients (data not shown). In light of these find-
ings, we next examined the effects of DEX on the
expression of CTGF mRNA in the kidneys of different
mouse strains. DEX treatment significantly increased
CTGF mRNA levels in the kidneys of C57B6 mice (Figure
2A), had no effect in the kidneys of SJL mice (Figure 2B),
and slightly increased CTGF mRNA levels in the kidneys
of Balb/C and 129 mice (data not shown). Interestingly,
DEX significantly increased CTGF mRNA levels in the
lungs of C57B6 (4.3 � 0.5-fold, P � 0.05) but not SJL
mice after 3 hours. Regardless of DEX treatment, how-
ever, CTGF mRNA levels in the liver were significantly
lower than those in the kidneys and lungs in both strains
of mice. DEX slightly, but not significantly, increased
CTGF mRNA levels in the kidneys of F1 (C57B6 � SJL)
mice to levels that were approximately midway between
the levels found in C57B6 and SJL mice (Figure 2C).
Immunohistochemistry using an anti-CTGF antibody lo-
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calized CTGF protein exclusively in the renal tubular ep-
ithelial cells of DEX-treated, but not untreated, C57B6
mice (Figure 2, D and E).

The mProx24 and MCT tubular epithelial cell lines de-
rived from C57B6 and SJL mice, respectively, were used
to examine the effects of DEX on the induction of CTGF.
RT-PCR revealed that both cell lines were positive for
glucocorticoid receptor mRNA (Figure 3A). As expected
from our in vivo findings, DEX increased CTGF mRNA
levels in mProx24 cells in a dose-dependent manner
(Figure 3B), with levels at 1 and 3 hours after DEX treat-
ment being significantly greater than controls (Figure
3D). Because DEX facilitated CTGF mRNA degradation
in mProx24 cells (Figure 3F), it was likely that this in-
crease was attributable to the up-regulation of CTGF
gene transcription by DEX. In contrast, DEX did not in-
crease CTGF mRNA levels in MCT cells (Figure 3, C and
E). Because DEX facilitated CTGF mRNA degradation in
MCT cells to the same degree as in mProx24 cells (Figure
3G), it seems reasonable that DEX does not up-regulate
CTGF gene transcription in MCT cells. These findings
were unlikely to have been attributable to the spontane-
ous transformation of both cell lines in culture because
DEX also significantly increased CTGF mRNA levels in
primary cultured cells derived from C57B6, but not SJL,
mice (Figure 3H). CTGF mRNA levels increased in both
cell lines as well as both primary cultured cells in re-
sponse to rhTGF-�1 (Figure 4), suggesting that they pos-
sessed the capacity to synthesize CTGF. DEX was re-
ported to induce the expression of angiotensinogen and
FN mRNA in certain cultured tubular epithelial cells.17,18

We also found that DEX significantly increased angio-
tensinogen but not FN-EIIIA mRNA levels in both
mProx24 and MCT cells (Figure 5, A–D), indicating that
the glucocorticoid receptor binds to DEX and transduces
signals into the nucleus to promote target transcription in
both cell lines.

The induction of CTGF mRNA expression by TGF-�1
was attenuated by tumor necrosis factor (TNF)-� in fibro-
blasts, an effect that was blocked by the PKC inhibitor
Go6983, the MEK inhibitor U0126, and the tyrosine ki-
nase inhibitor genistein in mesangial cells. DEX induction
of CTGF mRNA expression was not affected by TNF-� or
U0126, or by neutralizing anti-TGF-� or anti-CTGF anti-

bodies (Figure 6). However, the PKC inhibitor H7 or
genistein significantly attenuated DEX induction of CTGF
mRNA expression in mProx24 cells (Figure 6), suggest-
ing that PKC and tyrosine kinase pathways played a role
in this process.

Figure 1. Localization of CTGF protein in the kidneys of patients with
minimal change nephrotic syndrome. A: An untreated patient. No CTGF
expression was detected. B: A patient who just completed steroid pulse
therapy. CTGF protein was found exclusively in tubular epithelial cells
(arrows). Figures are representative sections from six samples each. DAB
stain. Original magnifications, �200.

Table 1. Demographic Data of Patients with Minimal Change Nephrotic Syndrome at Biopsy

Case
Gender
(M/F) Age

Pulse therapy
(�/�)

Oral PSL
(mg/day)

Proteinuria
(mg/day)

CTGF in TEC
(�/�)

1 M 23 � 0 3500 �
2 M 36 � 0 6200 �
3 M 28 � 0 4800 �
4 M 33 � 0 6800 �
5 M 40 � 0 9000 �
6 F 22 � 0 5500 �
7 M 17 � 50 8100 �
8 F 22 � 40 7900 �
9 M 23 � 60 9500 �

10 M 27 � 60 6800 �
11 M 27 � 60 5600 �
12 F 19 � 40 4500 �

Pulse therapy; methyl prednisolone 500 mg/day i.v. for 3 days, PSL, prednisolone; TEC, tubular epithelial cells.
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GenBank data analysis revealed a number of consen-
sus motifs in the promoter sequence of the mouse CTGF
gene (representatives are shown in Figure 7A), although
it was found to lack consensus glucocorticoid responsive
cis-elements (GRE). Transient transfection experiments
with firefly luciferase reporter constructs bearing CTGF
promoter fragments revealed that there were universal
positive and negative regulatory elements in the �483- to
�202-bp and �628- to �483-bp fragments, respectively,
elements that were not reactive to DEX (Figure 7, B and
C). In contrast, the �897- to �628-bp fragment was
found to contain positive regulatory elements that were
responsive to DEX but were active only in mProx24, but
not MCT, cells (Figure 7, B and C). We also identified two
polymorphisms in the genomic DNA sequence of the
�897- to �628-bp fragment between C57B6 and SJL
mice (at �858 and �782 bp; Figure 7D) that were outside
of the consensus motifs (ie, STAT3RE at �740 to �736
bp, and C/EBP at �688 to �676 bp).

To determine the pathophysiological role of glucocor-
ticoid in CTGF-mediated renal fibrogenesis, we treated
glucocorticoid-susceptible (C57B6) and nonsusceptible
(SJL) mice with DEX. Twelve hours after DEX treatment,
both FN-EIIIA and CTGF mRNA levels were elevated in
the kidneys of C57B6 mice (Figure 8B). Treatment of
C57B6 mice with CTGF anti-sense ODN at the same time
that they received DEX suppressed these elevations in

both CTGF and FN-EIIIA mRNA levels (Figure 8A), sup-
porting the notion that DEX-induced increases in CTGF
mRNA levels indirectly resulted in elevations in FN-EIIIA
mRNA levels. On the other hand, DEX treatment reduced
CTGF and FN-EIIIA mRNA levels in SJL mice (Figure 8B).
DEX treatment resulted in a significant induction in FN
protein deposition in the kidneys of C57B6, but not SJL,
mice 2 weeks after treatment (Figure 8D).

Discussion

DEX induction of CTGF expression in the mouse kidney
was previously reported by Dammeier.11 In our study, we
found that tubular epithelial cells produced CTGF in re-
sponse to DEX in vivo and in vitro. We also found the
DEX-induced CTGF mRNA expression in the kidney is
mouse strain-specific, with C57B6 mice responding to
treatment in this way whereas SJL mice did not. A biopsy
sample from a kidney of a minimal change nephrotic
syndrome patient who had been treated with high doses
of glucocorticoids revealed the presence of CTGF in
tubular epithelial cells. This finding was not disease-spe-
cific because similar staining was demonstrated in the
kidneys of glucocorticoid-treated lupus nephritis patients
(data not shown). TGF-�1 is a strong inducer of CTGF in
tubular epithelial cells8,19 as well as in a variety of cells

Figure 2. DEX induction of CTGF expression in the mouse kidney. A: CTGF mRNA levels in DEX-treated C57B6 mice. B: CTGF mRNA levels in DEX-treated SJL
mice. C: CTGF mRNA levels in DEX-treated F1 (C57B6 � SJL) mice. CTGF protein localization in the kidneys of DEX-treated C57B6 mice 24 hours after treatment
(arrows) (D) and in the kidneys of untreated C57B6 mice (E). Each of the data in A, B, and C were obtained from four mice and data in D and E are representative
of the sections from four mice in each case. DAB stain. Original magnifications, �100.
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such as fibroblasts, mesangial cells, endothelial cells,
and chondrocytes3; TGF-�1/Smad-responsive regulatory
elements were found in the CTGF promoter regions of
some of these cells.20–24 In contrast, although CTGF

induction by glucocorticoid has similarly been detected
in fibroblasts, osteoblasts, and chondrocytes,11,25,26 the
molecular mechanisms that control this process have not
as yet been elucidated.

Figure 4. TGF-�1 induction of CTGF mRNA expression in mProx24 and
MCT cells. Dose dependency of TGF-�1 induction of CTGF mRNA expres-
sion at 3 hours in mProx24 (A) and MCT cells (B). Time course of TGF-�1 (3
ng/ml) induction of CTGF mRNA expression in mProx24 (C) and MCT cells
(D). E: Effect of TGF-�1 (3 ng/ml, 3 hours) on CTGF mRNA levels in the
primary cultured cells derived from C57B6 and SLJ mice. The data in A to E
were each obtained from four independent experiments.

Figure 3. DEX induction of CTGF mRNA expression in C57B6-derived mProx24 and SJL-derived MCT renal tubular epithelial cells. A: Glucocorticoid receptor
mRNA expression in mProx24 and MCT cells. Dose dependency of DEX induction of CTGF mRNA expression at 3 hours in mProx24 (B) and MCT cells (C). Time
course of DEX (1000 nmol/L) induction of CTGF mRNA expression in mProx24 (D) and MCT cells (E). Effect of DEX treatment (1000 nmol/L, 3 hours) on CTGF
mRNA stability in mProx24 (F) and MCT cells (G). CTGF mRNA levels were normalized against GAPDH levels and expressed relative to the initial values. In both
the mProx24 (F) and MCT cells (G), the rate of degradation of CTGF mRNA was significantly and similarly enhanced by DEX treatment. H: Effect of DEX treatment
(1000 nmol/L, 3 hours) on CTGF mRNA levels in the primary cultured cells derived from C57B6 and SJL mice. The data in B to H were each obtained from four
independent experiments.
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We were surprised to discover that the mouse strain-
specific responsiveness to DEX that we uncovered was
seemingly attributable to relatively simple genetics be-
cause F1 (C57B6 � SJL) mice showed responsiveness
that was midway between the levels seen in responsive
C57B6 mice and unresponsive SJL mice; DEX respon-
siveness was observed not only in renal cells but also in
lung cells of C57B6 mice. It has been reported that
glucocorticoid facilitates mRNA degradation and down-
regulates the expression of some genes via the 3�-UTR.27

Similarly, DEX was shown to inhibit TNF-� gene expres-
sion via adenosine/uridine-rich elements in its 3�-UTR.28

Interestingly, the CTGF gene bears adenosine/uridine-
rich elements in its 3�-UTR, and DEX shortened the half-
life of CTGF mRNA to the same degree in both cell lines,
suggesting that the observed differences in DEX-induced
CTGF expression were regulated at the transcriptional
level. Our luciferase reporter assay results suggested the
presence of strain-specific regulatory elements at posi-
tion �897 to �628 bp in the mouse CTGF gene promoter
that were active in mProx24 (C57B6-derived) but not in
MCT (SJL-derived) cells. Because both mProx24 and
MCT cell lines had glucocorticoid receptors and in-
creased their angiotensinogen and CTGF mRNA levels in
response to DEX and rhTGF-�1, respectively, the pres-

ence of these regulatory elements likely accounted for
the strain-specific CTGF gene responsiveness to DEX.

Regulatory elements that were constitutively active and
responsive to TGF-�1 were found at �483 to �1 bp in the

Figure 5. DEX induction of mRNA expression of angiotensinogen and FN-EIIIA in mProx24 and MCT cells. DEX (1000 nmol/L) induction of angiotensinogen
mRNA in mProx24 (A) and MCT cells (B). DEX (1000 nmol/L) induction of FN-EIIIA mRNA in mProx24 (C) and MCT cells (D). The data in A to D were each
obtained from four independent experiments.

Figure 6. Effects of various substances on DEX induction of CTGF mRNA
expression in mProx24 cells. Both the PKC inhibitor H7 and the tyrosine
kinase inhibitor genistein significantly inhibited DEX induction of CTGF
mRNA expression in mProx24 cells, suggesting the involvement of PKC and
tyrosine kinase. However, treatment with TNF-�, neutralizing anti-TGF-�,
and anti-CTGF antibodies, curcumin and U-0126, was without effects. The
data were obtained from four independent experiments in each case.
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CTGF gene promoter,20–24 which was recognized as the
prototypical CTGF promoter. The prototypical promoter in
NIH3T3 fibroblasts reportedly responded to DEX, with the
relevant DEX-responsive elements likely being present at
�292 to �22 bp in the human CTGF gene promoter.26 The
activity found at �897 to �628 bp of the CTGF gene pro-
moter in response to DEX in mProx24 cells in our study has
not been previously reported but is consistent with data
collected in human chondrocytes, which demonstrated
DEX-responsive elements at �802 to �292 bp in their
CTGF gene promoter.26 The glucocorticoid receptor gen-
erally has three functional domains, ie, a DNA-binding do-
main, a transcriptional activity domain, and a ligand (glu-
cocorticoid)-binding domain. The C-terminal ligand-binding
domain undergoes a conformational change after its bind-
ing to glucocorticoid in the cytoplasm, enabling the glu-
cocorticoid-glucocorticoid receptor complex to bind to a
series of co-activator proteins, after which the glucocorti-
coid-glucocorticoid receptor complex enters the nucleus
and binds to GRE to regulate target genes.27 In our study,
DEX increased angiotensinogen mRNA expression in both
cell lines, possibly via the GRE in its 5� promoter se-
quence.18 However, 5� and 3� sequences of the mouse
CTGF gene do not contain consensus GRE (half-) site se-

quences (GGTACAnnnTGTTCT).27 Instead, a CCAAT/en-
hancing binding protein site (C/EBP site; �688 to �676 bp)
found in the �897- to �628-bp fragment is thought to tether
GRE, to which the glucocorticoid-glucocorticoid receptor
complex indirectly binds other transcriptional factors in a
larger regulatory complex.27 Transcriptional cooperation
with the glucocorticoid-glucocorticoid receptor complex
was demonstrated to be specific for C/EBP� for CYP3A1,29

C/EBP� for phosphoenolpyruvate carboxykinase,30 and
�-casein.31 Induction of the transcription of these genes by
glucocorticoid does not require binding of the glucocorti-
coid-glucocorticoid receptor complex to the consensus
GRE. In addition, a STAT3-responsive element (�740 to
�736 bp) exists in the �897 to �628 bp fragment of the
mouse CTGF promoter, which may also be involved in the
tethering of GRE because phosphorylated STAT3 associ-
ates with the glucocorticoid-glucocorticoid receptor com-
plex to form a transactivating/signaling complex. This
complex was reported to increase the transcription of �2-
macroglobulin and fibrinogen genes via STAT3-responsive
elements in their 5� promoter sequences.32,33 PKC inhibi-
tors and tyrosine kinase inhibitors universally inhibited the
activity of the prototypical CTGF promoter in fibroblasts and
mesangial cells20,21 as well as DEX induction of CTGF in the

Figure 7. DEX-responsive elements in the CTGF promoter. A: Consensus motifs in the mouse CTGF promoter and firefly luciferase reporter constructs. Promoter
activity of CTGF promoter fragments with or without DEX treatment in mProx24 (B) and MCT cells (C). D: The genomic DNA sequence at the �897 to �628 bp
of CTGF promoter. Polymorphisms between C57B6 and SJL mice are shown in bold (at �858 and �782 bp), and consensus motifs (STAT3RE and C/EBP) are
shown in italic. The data in B and C were each obtained from four independent experiments.
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tubular epithelial cells in this study. If phosphorylated STAT3
is truly involved in this signaling process, then a tyrosine
kinase most likely plays a direct role because it phosphor-
ylates STAT3.34

The observation has often been made that sclerotic
and fibrotic reactions occur at the same time that inflam-
matory and immune reactions subside in the diseased
kidney after glucocorticoid treatment35; our above find-
ings may provide a possible explanation for this. Such

processes are likely mediated by high concentrations of
glucocorticoids because patients with sustained expo-
sure to low levels of glucocorticoids, such as those with
Cushing’s syndrome and asthmatics treated with glu-
cocorticoids, have not been reported to develop renal
fibrosis. It is well established that organ fibrogenesis is
significantly affected by genetic background, and the
C57B6 mouse is recognized as a fibrosis-prone strain
that is sensitive not only to DEX-induced renal fibrosis but

Figure 8. Fibronectin deposition in the kidneys of DEX-treated animals is
mediated by CTGF. DEX increased the mRNA expression of CTGF and
FN-EIIIA in the kidneys of C57B6 (A) and SJL mice (B) after 12 hours. A:
Co-treatment with DEX and CTGF-AS significantly inhibited DEX-induced
CTGF and FN-EIIIA mRNA expression in the kidneys of C57B6 mice, but
there were no significant effects by co-treatment with CTGF-mAS. B: DEX
decreased CTGF and FN-EIIIA mRNA levels in the kidneys of SJL mice
regardless of co-treatments. C: Minimal deposition of fibronectin protein
(arrows) was seen in control C57B6 mouse kidneys (C57-NC). D: C57B6
mice that were treated for 2 weeks with DEX and CTGF-mAS (C57-mAS)
displayed fibronectin protein deposition in their kidneys (arrows). E: In
contrast, co-treatment of C57B6 mice with CTGF-AS (C57-AS) suppressed
DEX-induced fibronectin protein deposition (arrows). Each of the data in A
and B was obtained from four mice, and data in C to E are representative of
the sections obtained from four mice in each case. DAB stain. Original
magnifications, �100.
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also to TGF-�1-induced lung fibrosis.36 The fact that four
of our six patients with minimal change nephrotic syn-
drome expressed CTGF in their kidneys after steroid
pulse therapy suggests that, at the very least, Japanese
individuals may be high responders to glucocorticoids.
We are thus conducting experiments to find some differ-
ences in the postreceptive pathway after DEX binding
between C57B6 and SJL mice and to locate C57B6
strain-specific DEX-responsive elements at �897 to
�628 bp in the mouse CTGF promoter. Such information
should contribute to our understanding of the genetics of
fibrosis susceptibility.
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