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vitro
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Abstract

Glomerular sclerosis is characterized by mesangial cell proliferation and progressive extracellular matrix (ECM) accumulation. CCN3
belongs to the CCN family of matrix proteins; increasing evidence suggests that CCN3 is an endogenous negative regulator of the
ECM and fibrosis. However, the exact role of CCN3 in the accumulation of ECM remains unknown. The aim of the present study was
to investigate the effects of CCN3 on TGF-B1-induced production of ECM in human mesangial cells (HMCs) in vitro. Treatment with
TGF-B1 (0.5-2.0 ng/mL) suppressed the mRNA and protein expression of CCN3 in HMCs in dose- and time-dependent manners.
Furthermore, treatment with TGF-B1 significantly increased the expression of the two markers of renal fibrosis, fibronectin (FN) and
type | collagen (COLI), in HMCs. Moreover, treatment with TGF-B1 significantly decreased the expression of metalloproteinase (MMP)-2
and MMP-9, and markedly increased the expression of tissue inhibitor of metalloproteinase (TIMP)-1 in HMCs. Pretreatment of HMCs
with exogenous CCN3 (5-500 ng/mL) or overexpression of CCN3 significantly attenuated TGF-B1-induced changes in FN, COLI, MMP-2,
MMP-9 and TIMP-1 in HMCs. These results suggest that CCN3 suppresses TGF-B1-induced accumulation of ECM in HMCs. CCN3 may
have potential as a novel therapeutic target for alleviating glomerulosclerosis.
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degraded in a tightly regulated manner, because the integrity
of glomerular matrices is strictly maintained throughout most

Introduction
Glomerulosclerosis is considered to be the final and common

pathway leading to progressive loss of renal function in vari-
ous types of primary glomerulonephritis, diabetic nephropa-
thy, and lupus nephritis. The characteristics of glomeru-
losclerosis are mesangial cell proliferation and extracellular
matrix (ECM) accumulation?, which lead to a decreased glo-
merular filtration rate and complete destruction and failure of
the kidney!™ .

The ECM is a complex structure comprising structural and
regulatory proteins that provide a supporting scaffold for
cells®. Furthermore, ECM accumulation is the result of a bal-
ance between synthesis and degradation!®. Under normal con-
ditions, ECM compounds are continuously synthesized and
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of adult life”. However, loss of this coordinated regulation,
leading to increased mesangial ECM deposition, occurs in
response to aging-associated changes in glomeruli and during
the development of glomerulosclerosis®™. Mesangial cells are
critical for the maintenance of normal glomerular structure
and function, primarily through providing the correct mechan-
ical tension and producing various cytokines, growth factors,
and metalloproteinases, all of which are critical in regulating
ECM turnover®.

Transforming growth factor-p (TGF-B) is an important
mediator of renal fibrosis, which is characterized by the accu-
mulation of ECM components in glomerulosclerosis and tubu-
lointerstitial fibrosis®. Moreover, the balance between MMPs
and TIMPs is one of the critical determinants controlling the
integrity of the ECM™. Most MMPs are secreted from cells
as zymogens, and their activity in the extracellular matrix is
controlled by TIMPs"l. MMP-2 and MMP-9 are two gela-
tinases, and although they share the ability to degrade both



collagen and gelatin in basement membranes, their substrate
specificity is not identical™. TIMP-1 preferentially interacts
with MMP-9. Indeed, the expression of MMP-2 and MMP-9 is
developmentally regulated by the TGF-f family!.

CCNS3, also known as nephroblastoma overexpressed
(NOV), was initially discovered in nephroblastoma™. On the
basis of structural similarity, CCN3 belongs to the CCN family
of matrix proteins, which also includes CCN1/CYR61, CCN2/
CTGF, CCN4/WISP-1, CCN5/WISP-2 and CCN6/WISP-3".
Recently, emerging evidence has indicated that CCN3 may act
as an endogenous negative regulator of ECM and fibrosis"**".,
We have previously demonstrated that urinary CCN3 mRNA
in patients with chronic kidney disease is negatively cor-
related with glomerular matrix accumulation (r=-0.6146,
P=0.0087)P!. These observations suggest a potential protec-
tive role of CCN3 against renal fibrosis. However, the exact
mechanism by which CCN3 alleviates renal fibrosis remains
unknown. The goal of the present study was to investigate
the role of CCN3 in regulating the production and degrada-
tion of the ECM.

Materials and methods

Cell culture

Human mesangial cells (HMCs) were purchased from Sci-
enCell Research Laboratories (Carlsbad, CA). The cells were
cultured in RPMI-1640 supplemented with 10% fetal bovine
serum (GIBCO, Carlsbad, CA, USA) and 1% penicillin/strep-
tomycin solution (HyClone, Utah, USA). The cells were grown
at 37 °C in 5% CO,. After reaching 70%-80% confluence, the
cells were synchronized with serum-free culture medium for
24 h. Then, rhCCN3 was added at various doses for various
periods of time, as indicated. The HMCs were treated with
TGEF-p1 for 1 h after CCN3 treatment. Then, the HMCs were
collected for further study.

TGF-B1

TGF-B1 for pharmacokinetic and efficacy studies was pur-
chased from R&D systems (Minneapolis, USA) and was
diluted in 4 mmol/L HCl and 1 mg/mL BSA.

Table 1. Primer sequences for real-time RT-PCR.
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rhCCN3

rhCCNS3 for pharmacokinetic and efficacy studies was pur-
chased from PeproTech (NJ, USA). The rhCCNB3 used in these
studies was produced in Escherichia coli. The expressed pro-
tein was full-length CCN3 containing 331 amino acid residues
(36.2 kDa) but lacking a signal peptide, and it was not glyco-
sylated.

Plasmid construction and transfection

The plasmid encoding CCN3 was constructed by GenScript.
HMCs were transfected with the pcDNA3.1(+)-CCN3 plas-
mid. Transfection was performed using Lipofectamine™ 2000
reagent (Invitrogen, CA, USA), and the cells were incubated
in serum-free RPMI-1640 medium for 24 h according to the
manufacturer’s instructions. For transfection, 90% confluent
cells were plated in six-well plates with 4 pg of plasmid DNA
and 10 pL of Lipofectamine 2000.

Quantitative real-time PCR analysis

Total RNA was extracted using RNAiso Plus according to the
manufacturer's directions (Takara, Dalian, China). RNA con-
centration and purity were confirmed with NanoDrop 2000
spectrophotometer (Thermo, MA, USA). Samples were used
if they had a relative absorbance ratio of 260/280 nm between
1.8 and 2.0. cDNA was synthesized using a reverse transcrip-
tion system kit (Takara, Liaoning, China). Real-time quanti-
tative PCR was performed on an ABI PRISM 7300 real-time
PCR System (Applied Biosystems, Foster City, CA, USA) with
SYBR Green Real-time PCR Kit (Takara, Liaoning, China). The
primer sequences are shown in Table 1. Relative mRNA val-
ues were normalized to those of B-actin and calculated using
the comparative cycle threshold (AACt) method.

Western blot analysis

Total cellular protein was extracted by incubating the cells in
lysis buffer according to the standard protocols. Protein con-
centrations were measured using a protein assay kit (KeyGEN,
Jiangsu, China) according to the manufacturer’s instructions.
Equal amounts of protein from the samples were electropho-

Gene Strand PCR primer sequence (5'-3") Accession number

FN Sense AAGCCCATAGCTGAGAAGTGTTTTG NM_054034.2
Anti-sense GGATGTCCTTGTGTCCTGATCGT

coLi Sense CGATGGATTCCAGTTCGAGTATG NM_000088.3
Anti-sense TGTTCTTGCAGTGGTAGGTGATG3

MMP-2 Sense TACAGGATCATTGGCTACACACC NM_001127891.1
Anti-sense GGTCACATCGCTCCAGACT

MMP-9 Sense TGTACCGCTATGGTTACACTCG NM_004994.2
Anti-sense GGCAGGGACAGTTGCTTCT

TIMP-1 Sense CTTCTGCAATTCCGACCTCGT NM_003254.2
Anti-sense ACGCTGGTATAAGGTGGTCTG

B-Actin Sense TGACGTGGACATCCGCAAAG NM_001101.3
Anti-sense CTGGAAGGTGGACAGCGAGG
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resed using 4%-20% SDS-polyacrylamide gel, transferred to
PVDF membranes (Millipore, MA, USA) and blocked with
5% milk proteins. The blots were then incubated overnight at
4°C with primary antibodies against CCN3 (ab137677, Abcam,
Cambridge, MA, USA), FN (ab2413, Abcam, Cambridge,
MA, USA), collagen type I (ab34710, Abcam, Cambridge,
MA, USA), MMP-2 (ab37150, Abcam, Cambridge, MA, USA),
MMP-9 (#13667, CST, MA, USA) and TIMP-1 (sc-5538, Santa
Cruz, CA, USA). The blots were washed and incubated with
horseradish peroxidase-conjugated secondary antibodies
as appropriate, and the signals were then detected using an
advanced ECL system (Amersham Biosciences, Piscataway,
NJ, USA). Relative protein levels were calculated by normal-
ization to the level of B-actin protein.

Immunofluorescence staining

HMCs grown on coverslips were fixed with 4% paraformal-
dehyde for 15 min at 37 °C, permeabilized with 0.1% Triton
X-100, and blocked with 10% bovine serum albumin (BSA) in
phosphate-buffered saline (PBS) at room temperature. The
slides were then immunostained with primary antibodies
against FN (ab2413, Abcam, Cambridge, MA, USA) and COLI
(ab34710, Abcam, Cambridge, MA, USA) at 4°C overnight.
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After being washed with PBS, the cells were incubated with
fluorescent secondary antibodies (goat anti-rabbit IgG Hé&L)
(ab150077, Abcam, Cambridge, MA, USA) for 1 h at room
temperature in the dark and rinsed with PBS. Images were
captured using an Olympus FV 1000 Viewer.

Statistical analysis

The data are expressed as the mean+SD. Statistical signifi-
cance was determined using one-way ANOVA for differences
among multiple groups. A P value less than 0.05 was consid-
ered statistically significant. All statistical analyses were per-
formed using SPSS version 16.0.

Results

TGF-B1 down-regulates CCN3 expression in HMCs

To evaluate the effect of TGF-f1 on CCN3 in HMCs, we
assessed the expression levels of CCN3. On the basis of RT-
PCR and Western blot analyses, the mRNA and protein levels
of CCNB3 decreased in response to TGF-p1 exposure in a dose-
(0, 0.5, 1.0 and 2.0 ng/mL) and time-dependent manner (0,
12, 24 and 48 h) with the maximum effect at 2.0 ng/mL and
24 h (Figure 1, P<0.05), thus suggesting that TGF-p1 down-
regulates CCN3 expression in HMCs.
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Figure 1. Effects of TGF-B1 on CCN3 expression. (A) Human mesangial cells (HMCs) were incubated for 24 h with increasing concentrations of TGF-B1 (O,
0.5, 1.0 and 2.0 ng/mL). (B) HMCs were grown in 2 ng/mL TGF-B1-containing medium for 12-48 h. Total RNA and cell protein were harvested for qRT-
PCR or Western blotting, respectively. The data are expressed as the mean+SD. Experiments were repeated four times. "P<0.05 vs control.
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Exogenous CCN3 treatment attenuates TGF-B1l-induced ECM
accumulation in HMCs

To explore the roles of CCN3 in TGF-B1-induced renal fibrosis
and ECM accumulation, we determined the expression levels
of fibronectin (FN) and type I collagen (COLI), which were
used as markers of renal fibrosis. TGF-$1 treatment increased
the mRNA and protein levels of both markers (P<0.05).
However, a 1-h pretreatment of the cells with exogenous
CCNB3 down-regulated the expression of FN and COLI in a
dose-dependent (0, 5, 50 and 500 ng/mL) manner, with the
maximum effect at 500 ng/mL (P<0.05, Figure 2A, B), thus
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suggesting that exogenous CCN3 attenuates TGF-B1-induced
ECM accumulation. We also examined the localization of FN
and COLI in HMCs by using fluorescence microscopy. As
shown in Figure 2C, the addition of CCN3 before TGF-p1
exposure prevented the up-regulation of FN and COLIL

Exogenous CCN3 treatment improves the TGF-B1-induced
expression of MMPs while inhibiting TIMP production in HMCs

ECM accumulation is a net result of the balance between syn-
thesis and degradation. Previous studies have demonstrated
that MMPs and TIMPs play a role in the development of
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Figure 2. Effects of exogenous CCN3 on the expression of TGF-B1-induced fibronectin (FN) and type | collagen (COLI). HMCs were pretreated for 1 h
with various doses of exogenous CCN3 and then incubated in RPMI-1640 medium containing TGF-B1 (2 ng/mL) for 24 h. RT-PCR and Western blotting

were used to analyze the mRNA and protein levels of FN (A) and COLI (B).

The data are expressed as the mean+SD. Experiments were repeated four

times. C (control), TO (TGF-B1, 2 ng/mL), T1 (TGF-B1, 2 ng/mL+CCN3, 5 ng/mL), T2 (TGF-B1, 2 ng/mL+CCN3, 50 ng/mL), T3 (TGF-B1, 2 ng/mL+CCN3,
500 ng/mL). "P<0.05 vs C. *P<0.05 vs TO. Representative immunofluorescence images showing FN (green) and COLI (green) labeling in HMCs (C).
HMCs were treated without or with 2 ng/mL TGF-B1 or with 2 ng/mL TGF-B1 and 500 ng/mL CCN3 for 24 h in serum-free medium.
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glomerular sclerosis and interstitial fibrosis. In particular,
MMP-2 and MMP-9 have been studied extensively in kidneys
and in renal transplantation models of acute allograft rejection
and chronic allograft nephropathy. To further evaluate
whether CCN3 promotes ECM degradation, we determined
the expression levels of MMP-2, MMP-9 and TIMP-1. On the
basis of RT-PCR and Western blot analyses of cell lysates,
the mRNA and protein levels of MMP-2 and MMP-9 were
up-regulated, and the level of TIMP-1 was significantly down-
regulated by CCN3 pretreatment in a dose-dependent manner
(0, 5, 50 and 500 ng/mL), with the maximum effect at 500
ng/mL (P<0.05) (Figure 3).

Determination of transfection efficiency

To test the efficiency of CCN3 transfection, RT-PCR and
Western blot analyses were used to evaluate the expression of
mRNA and protein. As shown in Figure 4, the HMCs in the
control group expressed only low levels of CCN3. Similarly,
transfection of the cells with pcDNA3.1(+) without CCN3
scarcely increased CCN3 expression. The expression of CCN3
significantly increased after transfection with pcDNA3.1(+)-
CCN3. These results indicated that transfection with
pcDNA3.1(+)-CCNB3 effectively increases CCN3 expression in
HMCs.

Overexpression of human CCN3 gene down-regulates FN and
COLIin HMCs

To gain further insight into the effects of CCN3 on ECM for-
mation, we performed further studies in which we exposed
HMC s transfected with pcDNA3.1(+)-CCN3 to TGF-p1 (2
ng/mL). The protein and mRNA expression levels of FN and
COLI were measured. The results showed that the protein and
mRNA expression levels of FN and COLI were significantly
lower in the TGF-f1+pcDNA3.1(+)-CCN3 group than in the
TGF-p1 group and TGF-B1+pcDNA3.1(+)-blank vector group
(P<0.05) (Figure 5A-D). We also examined the localization of
FN and COLI in HMCs by using immunofluorescence micros-
copy as shown in Figure 5C.

Overexpression of human CCN3 gene improves the TGF-B1-
induced expression of MMPs while inhibiting the production of
TIMP in HMCs

We also explored the influence of the overexpression of
human CCN3 on the expression of MMP-2, MMP-9 and TIMP-
1. As shown in Figure 6, the selective high degree of expres-
sion of CCN3 resulted in a significant increase in the expres-
sion of MMP-2 and MMP-9 at mRNA and protein levels in the
TGF-B1+pcDNA3.1(+)-CCN3 group compared with the TGF-
B1 group and TGF-p1+pcDNA3.1(+)-blank vector group. Fur-
thermore, the expression of TIMP-1 was inhibited in the TGEF-
B1+pcDNA3.1(+)-CCN3 group compared with the TGF-f31
group and TGF-B1+pcDNA3.1(+)-blank vector group (P<0.05).

Discussion
In the present study, we provide the first demonstration that
CCN3 not only inhibits ECM formation but also promotes
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Figure 3. Effects of exogenous CCN3 on the expression of TGF-B1-induced
MMPs and TIMP. HMCs were pretreated for 1 h with various doses of
exogenous CCN3 and then incubated in RPMI-1640 medium containing
TGF-B1 (2 ng/mL) for 24 h. RT-PCR and western blotting were used to
analyze the mRNA and protein levels of MMP-2, MMP-9 and TIMP-1 (A and
B). The data are expressed as the mean+SD. Experiments were repeated
four times. C (control), TO (TGF-B1, 2 ng/mL), T1 (TGF-B1, 2 ng/mL+
CCN3, 5 ng/mL), T2 (TGF-B1, 2 ng/mL+CCN3, 50 ng/mL), T3 (TGF-B1, 2
ng/mL+CCN3, 500 ng/mL). "P<0.05 vs C. *P<0.05 vs TO.

TGF-pl-induced degradation of ECM in human mesangial
cells. Our results provide evidence that CCN3 is a novel
regulator of ECM formation, thus suggesting that CCN3 may
play an antifibrotic role in the treatment of glomerulosclerosis.

Glomerulosclerosis, an end-point lesion common in
various glomerular diseases, is characterized by mesangial
cell proliferation and ECM accumulation. TGF-$1 and its
downstream Smad signaling pathway play an essential role
in the formation of ECM®. MMPs catalyze the turnover
of ECM macromolecules such as interstitial and basement
membrane collagen as well as accessory ECM proteins such
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Figure 4. Effects of CCN3 transfection (48 h) on the expression of CCN3
in HMCs were determined by RT-PCR (A) and Western blot analysis (B).
The data are expressed as the mean+SD. Experiments were repeated
four times. "P<0.05 vs control.

as fibronectin®!. Moreover, many studies have suggested

that TIMPs are often up-regulated in diseased kidneys™!. Our
results suggested that these cytokines play an important role
in glomerulosclerosis. Many researchers have been seeking
new therapeutic approaches to treat glomerulosclerosis by
targeting mesangial cells and ECM accumulation.

CCNB3 was first discovered as an anti-fibrosis molecule that
was shown to play a role in embryogenesis and growth modu-
™1 A large body of evidence has indicated
that CCN3 is a negative regulator in the fibrotic pathway. For

lation in cancer

example, Roeyen et al®! have found that, in anti-Thy1.1 rats,
CCNB3 is an endogenous inhibitor of mesangial cell growth,
on the basis of PDGF-induced mitogenesis. Furthermore,
they have also identified pro-angiogenic and anti-proliferative
effects (on mesangial cells) of CCN3 in experimental glomeru-
lonephritis®. In the present study, we demonstrated that
CCN3 treatment attenuates TGF-p1-induced ECM accumula-
tion. We found that either the addition of CCN3 or CCN3
overexpression produced a marked down-regulation of FN
and COLI induced by TGF-p1 in human mesangial cells. This
finding is critically important, because TGF-f is a potent profi-
brotic element in diseases occurring in a variety of organ sys-
tems, including the kidney. However, the exact mechanistic
role of CCN3 in the inhibition of ECM accumulation remains
unclear.

As previously reported, emerging evidence suggests that
collagen turnover in the kidney is tightly regulated by a
balance between MMPs, particularly the two gelatinases
MMP-2 and MMP-9, and their endogenous inhibitors,
TIMPs. In addition, MMP-9 has been shown to cleave type
I and IIT collagen, both in vitro and in vivo®!. We therefore
hypothesized that CCN3 may act through MMPs and TIMPs
in promoting ECM degradation in human mesangial cells.
Increasing evidence shows that CCN3 differentially modulates
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the expression of MMP-1, MMP-3, MMP-2, MMP-9, and MMP-
13 with respect to its pro- and anti-motility effects in a cell
type-dependent manner™?!. Moreover, in vivo studies have
indicated that CCN3 attenuates inflammation through the
regulation of MMP-2 and MMP-9. Together, the findings
in these studies demonstrate the important role of CCN3 in
regulating the expression of MMP-2 and MMP-9. Our results
further support these earlier findings. We demonstrated that
CCNB3 up-regulates the expression of MMP-2 and MMP-9,
both of which are inhibited by TGF-p1 in human mesangial
cells. Simultaneously, the expression of TIMP-1 is down-
regulated.

In conclusion, our findings demonstrate that CCN3
decreases the production of ECM and promotes TGF-p1-
induced ECM degradation. CCN3 may serve as a novel
therapeutic tool to alleviate glomerulosclerosis. However, the
detailed mechanistic role of CCN3 in regulating ECM accumu-
lation requires further investigation.
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