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PERSPECTIVES IN BASIC SCIENCE

Connective tissue growth factor: Potential role in
glomerulosclerosis and tubulointerstitial fibrosis

SUNIL GUPTA, MICHAEL R. CLARKSON, JOSEPH DUGGAN, and HUGH R. BRADY

Department of Medicine and Therapeutics, Mater Misericordiae Hospital, University College Dublin, Dublin, Ireland

Connective tissue growth factor: Potential role in glomerulo- tion, and their relative contribution to the ultimate clini-
sclerosis and tubulointerstitial fibrosis. Transforming growth cal outcome of end-stage renal disease.
factor beta (TGF-b) is a pivotal driver of glomerulosclerosis A key cytokine, intimately involved in the pathogene-
and tubulointerstitial fibrosis in renal diseases. Because TGF-b

sis of glomerulosclerosis and tubulointerstitial fibrosis,also plays important anti-inflammatory and antiproliferative
is transforming growth factor-b (TGF-b) [1–4]. TGF-broles in mammalian systems, there has been a recent drive to

elucidate downstream mediators of TGF-b’s pro-fibrotic effects augments matrix protein production while simultaneously
with the ultimate goal of developing new anti-fibrotic strategies abrogating matrix degradation [2]. Sustained activation
for treatment of chronic diseases. Connective tissue growth of TGF-b, as occurs in renal scarring, results in a self-
factor (CTGF) belongs to the CCN family of immediate early

perpetuating cycle of matrix deposition and relentlessresponse genes. Several lines of evidence suggest that CTGF
tissue injury. Inhibition of TGF-b bioactivity attenuatesis an important pro-fibrotic molecule in renal disease and that

CTGF contributes to TGF-b bioactivity in this setting. CTGF extracellular matrix (ECM) deposition and progression
expression is increased in the glomeruli and tubulointerstium of fibrosis in experimental renal injury [2, 5, 6]. Long-
in a variety of renal disease in association with scarring and term direct inhibition of TGF-b in the clinical setting,
sclerosis of renal parenchyma. In model systems in vitro, mes-

however, presents several theoretical problems. In addi-angial cell CTGF expression is induced by high extracellular
tion to its profibrotic activity, TGF-b has also antiprolif-glucose, cyclic mechanical strain and TGF-b. Recombinant
erative and anti-inflammatory effects [6, 7]. These con-human CTGF augments the production of fibronectin and type

IV collagen by mesangial cells and the effects of high glucose siderations have focused investigators on downstream
on mesangial cell CTGF expression and matrix production are or parallel mediators of tissue fibrosis that may yield to
attenuated, in part, by anti-TGF-b antibody. In aggregate, these

pharmacological intervention without adverse effects onobservations identify CTGF as an attractive therapeutic target
cell cycle control [6].in fibrotic renal diseases.

Connective tissue growth factor (CTGF) is one such
mediator that is induced by TGF-b, among other stimuli,
and modulates fibroblast cell growth and fibroblast andRegardless of the initiating insult, progression to end-
mesangial cell ECM secretion. CTGF was initially re-stage renal failure in proteinuric kidney disease appears
ported in renal cells in vitro (originally reported in ab-to involve a final common pathway culminating in glo-
stract; Mason et al, J Am Soc Nephrol 8:642A, 1997)merulosclerosis and tubulointerstitial fibrosis. Unfortu-
and has recently been demonstrated in experimental andnately, this relentless loss of residual renal function pro-
human renal fibrosis, in which its expression appears toceeds, albeit at a slower rate, despite blockade of the
correlate with the degree of tubulointerstitial fibrosis.renin-angiotensin system and control of systemic hyper-
CTGF may mediate many of the profibrotic actions oftension. The development of novel therapeutic agents
TGF-b. This review discusses the structure and functionthat interrupt maladaptive fibrotic responses to renal
of CTGF, its relationship to TGF-b, its expression ininjury requires, at first, the comprehensive elucidation
disease, and the potential for pharmacological interven-of the molecular drivers of tissue fibrosis, their interrela-
tion.

Key words: transforming growth factor-b, hyperglycemia, cyclic me-
CTGF: STRUCTURE AND FAMILY MEMBERSchanical strain, diabetic nephropathy, mesangial cells, extracellular
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Fig. 1. Structure of the human connective tissue growth factor (CTGF) gene (modified from Grotendorst [22], Kubota [49], Oemar [89], and
Brigstock [68]).

conserved multimodular structure but exhibit distinctive axis pattern formation, that is, the development of dorsal
structures during embryogenesis (Table 1) [18, 19].functional features. The gene for human CTGF that re-

sides on chromosome 6q23.1, proximal to c-myb, com- CCN family members are cysteine-rich and possess a
secretory signal peptide at the N terminus. All familyprises five exons and four introns (Fig. 1) and was origi-

nally cloned from a human umbilical vein endothelial cell members have four domains: an insulin-like growth factor
(IGF)-binding domain, a von Willebrand factor (VWF)(HUVEC) cDNA library [8]. CTGF is also termed fisp-12

(murine CTGF/mCTGF [9] or bIG-M2 [10]). Other type C repeat domain (wisp-3 has 6 instead of 10 cysteine
residues in this domain), a thrombospondin (TSP) type 1CCN family members include cysteine-rich 61 (cyr 61;

also termed bIG-M1 [10, 11] or cef 10 [12]), nov (nephro- repeat domain, and the C-terminal (CT) domain. An ex-
ception is CTGF-L/rcop-1/wisp-2, which lacks the CT do-blastoma overexpressed gene) [13], wisp-1 [14] (also

termed elm1 [15]), CTGF-L [16] (also termed rCop-1 main. Connecting the VWF type C repeat domain to the
TSP type 1 repeat domain is a region that is highly charged,[17] or wisp-2 [14]), and wisp-3 [14]. Cyr 61/cef 10 and

CTGF/fisp-12 stimulate chemotaxis, adhesion, prolifera- variable, and devoid of cysteines, and it acts as a hinge
connecting the N- and C-terminal halves of the proteinstion, and ECM formation by some cells, whereas nov,

CTGF-L (wisp-2/rCop-1), wisp-3, and wisp-1 (elm1) ex- (Fig. 2). Tsg and sog only contain sequences that resem-
ble domains 1 and 2, respectively. Within family members,hibit features of negative regulators of growth. The Dro-

sophila genes, twisted gastrulation (tsg), and short gas- hCTGF has a 60% homology to CTGF-L [16], a 53%
homology to human nov (novH) [20], a 43% homologytrulation (sog) display weak homology to the CCN family

(approximately 19%) and are involved in dorsal-ventral to human cyr 61 (hcyr 61) [21], and a 36 to 44% homology
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to wisp-2/rCop-1, wisp-1/elm1, and wisp-3. With regard
to differences between species, human CTGF displays
94% homology [22] to murine CTGF (mCTGF)/fisp-12/
bIG-M2 (gene for mCTGF resides in chromosome 10), a
96% homology [23] to rat CTGF (rCTGF), and a 92%
homology [24] to pig CTGF (pCTGF).

Connective tissue growth factor is also a member of
the IGF binding protein (IGFBP) superfamily and was
initially classified as IGFBP-8 [25] on the basis that it is
30 to 38% homologous to IGFBPs 1 to 6 and specifically
binds to IGF. However, this nomenclature was subse-
quently revised at the Fourth International Symposium
on IGFs because of its relatively low affinity binding for
IGFs. CTGF is now termed IGFBP-related protein 2
(IGFBP-RP2) [26–28].

Recently, 10, 12, 16, 18, 19, 20 and 24 kD forms of
CTGF have been demonstrated in different cell types,
tissues, and body fluids [24, 27, 29–34]. The possible
significance of these smaller forms is discussed later in
this article.

CELL SOURCES AND REGULATION OF
EXPRESSION OF CTGF

Connective tissue growth factor was first isolated in
media conditioned with HUVECs [8]. Subsequently, it
has been detected in various fibroblasts [23, 29, 33, 35–40],
endothelial cells [30, 39, 41], cartilagenous cells and chon-
drocytes [32, 42–44], cancer cell lines [27, 45, 46] and
smooth muscle cells (Table 2) [39].

Early studies revealed that TGF-b1 increases CTGF
mRNA levels markedly in human foreskin fibroblasts
(hFFs) [35]. This effect of TGF-b1 with hFFs was seen
within 30 minutes, and CTGF mRNA levels remained
elevated after 24 hours [35]. In contrast, platelet-derived
growth factor (PDGF), epithelial growth factor (EGF),
and fibroblast growth factor (FGF) provoked only a tran-
sient and weak response [35]. CTGF mRNA expression
in response to TGF-b1 was enhanced in the presence of
cycloheximide, indicating that the induction process did
not require de novo protein synthesis [35]. These data
suggest that TGF-b1 is a direct stimulus for CTGF gene
transcription [35]. Subsequent analysis of the CTGF pro-
moter revealed a TGF-b response element (TbRE) [47]
(Fig. 1). This element is distinct from other reported
TGF-b–responsive elements and is not present in other
genes regulated by TGF-b [47]. Moreover, this element
is preserved in fisp-12 and is not found in other CCN
family members [47].

In other in vitro studies, TGF-b increased expression
of CTGF in bovine microvessel endothelial cells [30], in
HCS (a human chrondrosarcoma-derived chondrocytic
cell line) cells [42], and in pancreatic cell lines (Panc-1
and HPAF, human pancreatic adenocarcinoma cell lines
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of ductal organ) [45]; TGF-b1 induced CTGF message
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Fig. 2. Modular structure of connective tissue growth factor.

in human and mouse lung fibroblasts [23], in human secreted peptide present in media conditioned with
HUVECs [8] and serum-stimulated NIH 3T3 cells [50]breast cancer cell line MCF-7, and in cultures of fibro-

blasts from patients with scleroderma [40], and TGF-b2 and undergoes microsomal processing [9]. In hFFs and
mouse fibroblasts, the 38 kD CTGF is reportedly theup-regulated CTGF expression in Hs578T breast cancer

cells [27]. Surprisingly, Boes et al reported that TGF-b1 cell-associated, long-lived, and insoluble form of CTGF,
which is secreted inefficiently [29], whereas the 10 kDor TGF-b2 did not stimulate CTGF mRNA or protein

levels in bovine large vessel endothelial cells [30]. In- CTGF described by Steffen is soluble and biologically
active with these fibroblasts [29]. mCTGF (fisp-12), ondeed, TGF-b1 stimulated CTGF breakdown in bovine

microvessel endothelial cells [30]. In addition to TGF-b, the other hand, is secreted efficiently by NIH 3T3 fibro-
blasts [9, 37] and is present in the cellular fraction, ECM,BMP 2 [42], TGF-a and EGF [45], conditioned monocyte

medium (an atherogenic stimulus) [48] and dexametha- and media of these fibroblasts [37]. The presence of
mCTGF in the culture medium of these cells and itssone (a potent anti-inflammatory agent) [38] have each

been detected to induce CTGF expression in HCS cells, weak association with the ECM implies that mCTGF
may be able to act at areas distant from its site of synthe-pancreatic cell lines, human endothelial cells, and fibro-

blasts, respectively. The inducing effect of dexametha- sis and secretion [37].
The signal transduction events that regulate CTGFsone on CTGF overexpression in fibroblasts was not

mediated by TGF-b1, and this effect was attenuated by synthesis and secretion in response to TGF-b and other
mediators are still being appreciated. As mentioned pre-TNF-a [38]. TNF-a has also been shown to down-regu-

late CTGF expression in bovine endothelial cells, fibro- viously in this article, the CTGF promoter contains a
TbRE. Initial studies indicate that inhibitors of proteinblasts, and smooth muscle cells [39].

Recently, analysis of the 39-untranslated region of the kinase A, but not of tyrosine kinase or protein kinase
C, block TGF-b–stimulated CTGF transcription and thathuman CTGF gene has revealed a negative regulatory

element that was highly homologous to known negative CTGF gene expression is modulated by cell cAMP levels
[51]. Raised cAMP levels or cAMP analogues inhibitregulatory cis elements [49]. These elements are likely

to be involved in differential regulation of CTGF expres- TGF-b’s induction of CTGF in normal rat kidney (NRK)
fibroblasts and NIH 3T3 cells, but not TGF-b–inducedsion (Fig. 1).

Connective tissue growth factor is a cysteine-rich changes in cell morphology [51]. Raised cAMP levels or
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Table 2. Some cell sources and regulation of CTGF CTGF BIOACTIVITIES IN VITRO
Cell type Reference Connective tissue growth factor has diverse bioactivi-

Stimuli ties in vitro (Table 3). Depending on the cell types,
TGF-b Fetal bovine aortic smooth CTGF may trigger mitogenesis, chemotaxis, or matrix

muscle cells [47]
production, prevent proliferation, stimulate apoptosis,Human vascular smooth

muscle cells [60] or modulate angiogenesis. In early reports, CTGF was
Pancreatic cancer cell lines: noted to have mitogenic and chemotactic effects with

Panc-1 and HPAF [45]
NRK fibroblasts and NIH 3T3 cells, respectively, similarHuman chondrosarcoma-

derived chondrocytes [42] to PDGF [8]. CTGF’s mitogenic activity on NRK fibro-
Human lung fibroblasts [81] blasts is augmented by heparin and EGF, and not by

TGF-b1 Human foreskin fibroblasts [35]
TGF-b [36]. The 10 kD form of porcine CTGF is alsoMouse NIH 3T3 cells [35]

Skin fibroblasts from mitogenic for BALB/c 3T3 cells, vascular smooth muscle
patients with scleroderma [40] cells, and endometrial stromal cells, but not endothelial

Human lung fibroblasts [23]
cells [24]. This mitogenic activity is potentiated by IGF,Mouse lung fibroblasts from

BALB/c mice [23] PDGF, EGF, and basic FGF (bFGF). In NIH 3T3 cells
Human gingival fibroblasts [33] and HUVECs, mCTGF (fisp-12) is not mitogenic byTransfected newt blastema

itself, but enhances bFGF-induced DNA synthesis inB1H1 cells [65]
Human breast cancer cell these cells [37]. CTGF is likewise mitogenic for cultured

line MCF-7 [54] fibroblasts from patients with scleroderma [40]. CTGFPrimary human mesangial
also promotes proliferation and differentiation of chon-cells [76]

TGF-b2 Human Hs578T breast drocytes in culture [44].
cancer cells [27] Connective tissue growth factor enhances mRNA lev-Rat mesangial cells [34]

els for a1-type 1 collagen, fibronectin, and a5 integrinTGF-a Pancreatic cancer cell lines:
Panc-1, Patu8988t, and in NRK fibroblasts [36], suggesting a role in matrix pro-
HPAF [45]

duction. Overexpression of CTGF, by transfection ofEGF Pancreatic cancer cell lines:
Panc-1, Patu8988t, and CTGF mRNA into human aortic smooth muscle cells
HPAF [45] (HASCs), inhibits PDGF-stimulated cell proliferation

High glucose Human mesangial cells [76]
and increases apoptosis [53]. The same authors reportedRat mesangial cells [34]

Cyclical mechanical a similar apoptotic effect with a human breast cancer
strain Rat mesangial cells [34] cell line [54].

BMP 2 Human chondrosarcoma
Recently, mCTGF (fisp-12) and cyr 61 have been re-derived chondrocytes [42]

Dexamethasone Mouse BALB/c 3T3 ported to regulate angiogenesis [55]. Specifically, puri-
fibroblasts [38] fied mCTGF protein stimulates adhesion and migra-Inhibitors

tion and promotes survival (by inhibiting apoptosis) ofcAMP analogues NRK fibroblasts, NIH 3T3
cells [51, 52] primary human dermal microvascular endothelial cells

TNF-a Bovine aortic endothelial (HMVECs) [56]. Recombinant CTGF also induces pro-cells [39]
liferation, adhesion, migration, and remodeling of bovineBALB/c 3T3 fibroblasts [38]

aortic endothelial (BAE) cells [41, 57].
With the exceptions of mitogenesis, stimulation of ma-

trix production and apoptosis, the various bioactivities
cAMP analogues also inhibited TGF-b’s induction of of CTGF described earlier in this article, are not all
anchorage-independent growth (AIG) of NRK fibro- shared by TGF-b. Other effects of TGF-b not shared
blasts [51] and TGF-b–induced collagen synthesis in by CTGF include AIG of fibroblasts and inhibition of
NRK fibroblasts and hFFs [52]. The inhibition of AIG epithelial cell growth [36].
but not of collagen synthesis was reversed by the addition The finding that TGF-b can induce CTGF synthesis
of CTGF [51, 52]. Subsequently, cAMP and its analogues and that TGF-b and CTGF share many functions is com-
were observed to reduce CTGF message and protein in patible with the hypothesis that CTGF is a downstream
hFFs [52]. In contrast to this observation, cAMP in- mediator of many of TGF-b’s bioactivities in many sys-
creased CTGF protein (without an increase in mRNA tems. As discussed later in this article, this hypothesis
level) by inhibiting its breakdown in bovine large vessel is further supported by studies employing anti-CTGF
endothelial cells [30]. In the same article, in bovine mi- antibodies to inhibit TGF-b–induced effects. CTGF is
crovessel endothelial cells, cAMP stimulated CTGF deg- essential for TGF-b’s induction of collagen synthesis [52]
radation, suggesting differential regulation of CTGF in and AIG in fibroblasts [58], although CTGF does not in-

duce AIG on its own. This suggested that TGF-b–stimu-microvessel versus large vessel endothelial cells.
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Table 3. Some actions of CTGF in vivo and in vitro

In vitro actions of CTGF

Cell type Bioactivity Reference

NRK fibroblasts Mitogenic [8]
NIH 3T3 cells Chemotactic [8]
NRK fibroblasts Mitogenic effect enhanced by EGF, heparin and TGF-b [36]
NRK fibroblasts No action on AIG growth [36]
NRK fibroblasts Requirement for TGF-b induced AIG growth [58]
NRK fibroblasts Enhances a1 type 1 collagen, fibronectin and a5 integrin formation [36]
NRK fibroblasts and human foreskin fibroblasts TGF-b mediated collagen synthesis and dose-dependent increases

of collagen [52]
NRK fibroblasts Modulation of cell-cycle progression in cAMP-arrested cells [51, 59]
Bovine endothelial cells Stimulates proliferation, migration and tube formation [41, 57]
BALB/c 3T3 cells and bovine smooth muscle cells Mitogenesis (10 kDa fragment of pCTGF) [24]
Human microvascular endothelial cells Promotes cell and migration via av b3 integrin [56]
HUVECs, NIH 3T3 & Mv1Lu cells Promotes cell attachment [37]
HUVECs Enhances mitogenic effect of bFGF [37]
Chondrocytic cell lines, rabbit growth cartilage cells Proliferation and differentiation [44]
Human aortic smooth muscle cells (HASC) Inhibition of cell proliferation stimulated by PDGF and enhanced

apoptosis of cells [53]
Human breast cancer cell line Apoptosis [54]
Rabbit growth cartilages Increased aggrecan and collagen types II and X [44]
Primary human mesangial cells Increased types I and IV collagen and fibronectin levels [76]
Rat mesangial cells Increased type 1 collagen and fibronectin [34]

In vivo actions of CTGF

Tissue Bioactivity Reference

Skin of NIH Swiss mice Nodule formation, increased connective tissue and ECM material [36]
Subcutaneous tissue of BALB/c mice CTGF on its own, causing some edema and cell infiltration, simulta-

neously with and serially after TGF-b, causing fibrotic tissue for-
mation, and serially before TGF-b, causing granulation tissue only [72]

Subcutaneous tissue of Wistar rats Angiogenesis [57]
Corneal micropockets of Sprague-Dawley rats Neovascularization [56]

lated AIG of fibroblasts requires activation of both CTGF- limb blastemas of newts [65], and in various cells of the
rat central nervous system [66].dependent and CTGF-independent pathways [58]. Kinetic

A recent study has demonstrated that CTGF is ex-studies of the induction of DNA synthesis revealed that
pressed in uterine luminal flushings (ULFs) of pigs [24].the CTGF-dependent restriction point of the NRK fi-
There were 10, 16, and 20 kD forms of CTGF (the 38 kDbroblast cell cycle was late in G1 and that CTGF con-
CTGF was not detected in the ULF) that were isolatedtrolled cell cycle progression through late G1- and S-phase
by specific heparin binding. These forms were highlyentry of these cells [51]. Subsequent to this, CTGF was
truncated and showed that the N-terminal two thirds ofreported to trigger S phase entry by reducing p27 (Kip 1)
the primary translational product (domains I to III, thatlevels and thereby increasing cyclin A levels. These
is, IGF, VWF, and TSP modules) was not required forchanges, in turn, resulted in hyperphosphorylation of
mitogenic activity or heparin binding. Ball et al presentedpRb and release of E2F, suggesting that CTGF mediates
evidence that the 16, 18, and 20 kD forms of CTGF areTGF-b–induced fibroblast proliferation by modulating
intermediate mass forms of CTGF and are producedcyclin-dependent kinase (cdk) activities.
with 10 kD CTGF by proteolysis of 38 kD CTGF, which
is a normal physiological process in utero [67]. CTGF

CTGF EXPRESSION AND ACTIONS IN VIVO protein levels were also found in pregnant and normal
Connective tissue growth factor has been detected in uteri of the pigs, suggesting several roles in regulating

many human tissues, including heart, brain, placenta, lung, cell function in the uterine tract. Another study sup-
liver, muscle, kidney, and pancreas [60], and in a variety of ported these roles of CTGF in uterine cell growth, migra-
human biological fluids, for example, serum, pregnancy tion, adhesion, and ECM production during the oestrous
serum, amniotic, follicular, peritoneal, and cerebrospinal cycle and early pregnancy in mice, as well as in the early
fluids [27, 61]. CTGF has also been detected in human development of the embryo [31]. The presence of these
pancreatic islet and ductal cells [45, 62] and in portal CTGF products in various body fluids suggests that they
tracts of human livers [63]. In animals, CTGF has been may be reservoirs of CTGF in vivo [68].

Since its discovery in 1991, the expression of CTGFisolated in various tissues of mice embryos [37, 64], in
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Table 4. Patterns of increased expression of CTGF in disease in vivo levels within seven days. A similar pattern was observed
for induction of TGF-b [71].Tissue Reference

Intradermal injections of CTGF into NIH Swiss miceFibroblasts from patients with systemic sclerosis and
localized scleroderma [69, 70] [36] induced granulation tissue formation and fibrosis

Fibroblasts from human keloid, scar tissue, eosinophilic similar to that observed at the injection site of TGF-b.
fasciitis and Dupuytren’s contracture [70]

In another recent study of a mouse skin fibrosis modelSkin fibroblasts from NIH 3T3 mice treated with TGF-b [36]
Skin fibroblasts from BALB/c mice treated with CTGF [72], induction of persistent fibrosis was demonstrated

or TGF-b3 [72] to require interaction of several growth factors: TGF-b,Skin fibroblasts of BALB/c mice treated with TGF-b2 [82]
for example, being an induction factor, and CTGF, beingFibroblasts and endothelial cells from dermatofibromas

and endothelial cells from pyogenic granulomas [83] a maintenance factor. CTGF mRNA levels remained
Fibroblasts of patients within desmoplastic malignant elevated in those areas of persistent fibrosis, as deter-melanoma [73]

mined by in situ hybridization.Fibrous stroma of human mammary infiltrating tumors
and fibroblasts of murine mammary tumor models [84] Intradermal cAMP analogue injections into transgenic

Pancreatic fibroblasts of patients with chronic pancreatitis [62] mice with a human CTGF promoter/lacZ reporter trans-Fibrotic areas in patients with pancreatic cancers [45]
Fibrotic areas of chronic human hepatitis [63] gene [52] suppressed TGF-b’s activation of this transgene.
Centrilobular and fibrous septa of models of liver fibrosis These analogues were then used to block TGF-b–induced

in rats [63]
collagen deposition in Schilling-Hunt chambers insertedSera of patients with biliary atresia [61]

Inflammatory areas of patients with Crohn’s disease and into wounds of Sprague-Dawley rats and to reduce der-
ulcerative colitis, and fibrotic stenotic areas of patients mal fibroblast populations induced by injecting TGF-b
with Crohn’s disease [85]

into the dermis of NIH Swiss mice [52]. Collectively,Lung fibrosis model of bleomycin-sensitive mice [23]
Transbronchial biopsies of patients with idiopathic these observations indicate that CTGF mediates TGF-b–

pulmonary fibrosis [86] induced fibroblast collagen synthesis, and that in vivoBronchoalveolar lavage fluid of patients with idiopathic
blockade of CTGF synthesis or action reduces TGF-b–pulmonary fibrosis and pulmonary sarcoidosis [28]

Cardiac myocytes and mesenchymal cells in infarct zone induced granulation tissue formation by inhibiting colla-
of rat myocardium [87]

gen synthesis and fibroblast accumulation.Lens epithelial cells of patients with anterior polar and
nuclear cataracts [88] In two other in vivo models, CTGF was confirmed

Fibrotic areas of atherosclerotic plaques [60] to play a role in angiogenesis where CTGF placed on
Heart, kidney & skin of BALB/c mice injected with

chorioallantoic membranes of chick embryos formeddexamethasone [38]
small vessels and injection of CTGF into the backs of
Wistar rats promoted vessel formation [57].

has also been explored in various human diseases and CTGF SIGNAL TRANSDUCTION
animal models of disease. CTGF mRNA has been de-

The mechanisms by which CTGF exerts its effects ontected in fibroblasts of sclerotic lesions of patients with
cells are still being appreciated. In initial reports, CTGFsystemic sclerosis by in situ hybridization [69]. In patients
bound to the surface of NIH 3T3 cells with relativelywith localized scleroderma, more CTGF mRNA was de-
high affinity, and this binding could be competed withtected in fibroblasts in tissue from the sclerotic stage than
increasing concentrations of recombinant PDGF BB [8].the inflammatory stage, indicating a close correlation
CTGF has also been reported to interact with a PDGFbetween CTGF and fibrosis. This was also true for keloid
a receptor in scleroderma fibroblasts [40]. This suggestedtissue and fibrotic areas of eosinophilic fasciitis, nodular
that the CTGF peptide binds to a certain class of PDGFfasciitis, and Dupuytren’s contractures [70]. Subsequently,
receptor (PDGF-R) or there is some cross reactivity ofexpression of CTGF has been reported in a variety of
PDGF BB with CTGF receptors. mCTGF, as describeddiseases (Table 4).
earlier, is present in the media of NIH 3T3 cells and wasIn a model of wound healing in which stainless steel
shown to be internalized and degraded through lyso-mesh chambers were implanted into the flanks of Fisher
somal pathways, implying cell surface receptor interac-rats [35], TGF-b expression preceded CTGF expression
tions [37].by about six days, suggesting that, in vivo CTGF may

The soluble 10 kD form of CTGF does not bind to thebe a downstream mediator of TGF-b. This effect of
PDGF-R, however, but stimulates mitosis in fibroblastsTGF-b was again proposed to be with mesenchymal-
[29]. This observation points to the existence of multiplederived cells, that is, endothelial cells and fibroblasts. In
and possibly CTGF-specific cell surface receptors.another model of wound healing in which the skin and

A human chondrocyte cell line expresses another pu-panniculus carnosus of the back of BALB/c mice was
tative CTGF receptor [32] that is larger (240 kD) thanexcised [38], CTGF mRNA was maximally expressed at

12 to 24 hours after wounding and returned to basal the PDGF type b receptor previously reported by Brad-
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Table 5. CTGF expression by renal cells in vitro

Cell type Species Stimulus Reference

Glomerular endothelial cells Not reported Not reported Not reported
Glomerular mesangial cells Human 30 mmol/L glucose [76]

Human TGF-b1 [76]
Rat 20 mmol/L and 35 mmol/L glucose [34]
Rat TGF-b2 [34]
Rat Cyclical mechanical strain [34]
Rat CTGF [34]

Renal epithelial BSC cells African green monkey Scrape wounding [79]
African green monkey Calcium oxalate crystals [80]

Table 6. CTGF expression in renal disease in vivo

Disease Species Distribution Reference

Streptozotocin-induced diabetes Rats Cortex and glomeruli [76]
DbDb diabetes Mice Glomeruli [34]
IgAN Human Crescents, glomeruli, and tubulointerstitium [75]
CGN Human Crescents, glomeruli, and tubulointerstitium [75]
DN Human Glomeruli [75]
Diffuse LN Human Crescents, glomeruli, and tubulointerstitium [75]
MPGN Human Glomeruli and tubulointerstitium [75]
FGS Human Glomeruli, extracapillary lesions and tubulointerstitium [75]
CTR Human Glomeruli and tubulointerstitium [75]
MN with fibrosis Human Glomeruli, extracapillary lesions and tubulointerstitium [75]

Abbreviations are: IgAN, immunoglobulin A nephropathy; CGN, crescentic glomerulonephritis; DN, diabetic nephropathy; diffuse LN, diffuse lupus nephritis;
MPGN, mesangioproliferative glomerulonephritis; FGS, focal glomerulosclerosis; CTR, chronic transplant rejection; MN, membranous nephritis.

ham et al [8] and Kubo et al [73], and than the PDGF lated or remained normal in minimal-change nephrotic
type a receptor described by Kikuchi et al [40]. syndrome (MCNS), idiopathic membranous nephropa-

mCTGF and cyr 61 appear to modulate angiogenesis via thy (MN), and acute post-infectious glomerulonephritis.
integrin receptors. Specifically, the effects of mCTGF on en- In glomerular lesions, CTGF expression was increased
dothelial cell adhesion, migration, survival, and angiogene- in cellular crescents of CGN, IgAN, and diffuse LN (pro-
sis appear to involve an a5b3 (integrin receptor)-dependent liferating epithelial cells and not macrophages or fibro-
pathway [56]. This integrin connection is further sup- blasts were the main components of these crescents), as
ported by another study whereby activation-dependent well as in the fibrocellular crescents. In addition, CTGF
adhesion of platelets to mCTGF is mediated through was increased in other extracapillary lesions, such as areas
integrin aIIbb3 [74]. of segmental sclerosis with adhesion to Bowman’s capsule

in FGS and MN with fibrosis. CTGF was highly expressed
in glomeruli of patients with IgAN, diabetic nephropathyPUTATIVE ROLE IN GLOMERULOSCLEROSIS
(DN), and diffuse LN where there was mesangial prolif-AND TUBULOINTERSTITIAL FIBROSIS
eration. With regard to the tubulointerstitium, CTGFWhereas CTGF has been described in various human
mRNA was markedly increased in patients with CTRtissues, it is most abundant in the kidney [60]. In normal
and chronic tubulointerstitial damage associated withrenal tissue, CTGF mRNA has been demonstrated by in
glomerulonephritis, and this expression was localized tositu hybridization in visceral and parietal epithelial cells,
a-smooth muscle actin-positive cells (myofibroblasts), asin some interstitial cells of the periglomerular and peritu-
well as in areas of periglomerular fibrosis. CTGF-positivebular areas, in endothelial cells of peritubular capillaries,
cells, however, were rarely seen in the tubulointerstitiumand probably in interstitial fibroblasts [75]. Increased
of patients with MCNS, FGS, and MN without fibrosis.CTGF mRNA expression has been reported in a variety
In vessels, CTGF expression was increased in smoothof inflammatory glomerular and tubulointerstitial lesions
muscle and endothelial cells.[75] in association with cellular proliferation and matrix

Recent in vivo studies have highlighted increased ex-deposition, including IgA nephropathy (IgAN), chronic
pression of CTGF mRNA in glomeruli of rats with strep-transplant rejection (CTR), crescentic glomerulonephri-
tozotocin-induced DN [76] and the db/db diabetic micetis (CGN), focal glomerulosclerosis (FGS), class IV lupus
[34], implicating CTGF in the development of diabeticnephritis (LN), and membranoproliferative glomerulo-

nephritis (MPGN). CTGF was only minimally up-regu- glomerulosclerosis (Tables 5 and 6).
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Studies with cultured human cells in vitro have shed ference with its profibrotic effects, and may antecede the
development of novel antifibrotic therapies that targetlight on the mechanisms by which CTGF is induced and

on its functional significance in this setting. CTGF mes- the integral CTGF system.
sage is up-regulated in primary human mesangial cells
exposed to high glucose and TGF-b1 [76]. Recombinant ACKNOWLEDGMENTS
CTGF, when added to mesangial cells induces expression Michael R. Clarkson is the recipient of a Clinical Research Training

Fellowship from the Health Research Board. Hugh R. Brady is theof ECM proteins (fibronectin, collagen I, and collagen
recipient of a Health Research Board Research Unit Award.IV), mimicking mesangial matrix accumulation in dia-

betic glomerulosclerosis [76]. Under high-glucose condi- Reprint requests to Dr. Hugh R. Brady, Department of Medicine and
tions, the induction of mesangial cell CTGF mRNA lev- Therapeutics, Mater Misericordiae Hospital, 41 Eccles Street, Dublin 7,

Ireland.els was partially suppressed by TGF-b antibodies and
E-mail: hbrady@mater.ieprotein kinase C (PKC) inhibitors, suggesting that CTGF

expression by high glucose is mediated by both TGF-b–
REFERENCESand PKC-dependent pathways [77, 78]. The role of high

1. Wardle N: Glomerulosclerosis: The final pathway is clarified, butglucose and TGF-b as a stimulus for CTGF expression,
can we deal with the triggers? (editorial) Nephron 73:1–7, 1996at both the mRNA and protein level, has been confirmed 2. Border W, Noble N: TGF-b in kidney disease: A target for gene

by Riser et al using rat mesangial cells [34]. CTGF ex- therapy. Kidney Int 51:1388–1396, 1997
3. Kuncio GS, Neilson EG, Haverty T: Mechanisms of tubulointer-pression, but not protein, is increased by cyclical mechan-

stitial fibrosis. Kidney Int 39:550–556, 1991ical strain in rat mesangial cells [34]. 4. Schena P, Gesualdo L, Grandiliano G, Montinaro V: Progres-
Interestingly, induction of CTGF expression has been sion of renal damage in human glomerulonephitides: Is there a

sleight of hand in the winning game? Kidney Int 52:1439–1457,noted in an in vitro model of wound healing using renal
1997epithelial cells of the nontransformed African green mon-

5. Basile DP: The transforming growth factor beta system in kidney
key BSC-1 line [79]. This system is a model of cell migra- disease and repair: Recent progress and future directions. Curr

Opin Nephrol Hypertens 8:21–30, 1999tion, independent of proliferation, as may occur during
6. Franklin T: Therapeutic approaches to organ fibrosis. Int J Bio-renal regeneration after acute tubular necrosis. CTGF

chem Cell Biol 29:79–89, 1997
was expressed as early as one hour after wounding and 7. Lawrence DA: Transforming growth factor-beta: An overview.

Kidney Int 49(Suppl 47):S19–S23, 1995was maximal at four hours. Levels returned to baseline
8. Bradham DM, Igarashi A, Potter RL, Grotendorst GR: Con-within 24 hours, and high concentrations were found in

nective tissue growth factor: A cysteine-rich mitogen secreted by
cells of the wound edge and cells away from the wound. human endothelial cells is related to the SRC-induced immediate

early gene product CEF-10. J Cell Biol 114:1285–1294, 1991Intriguingly, expression of TGF-b1 and TGF-b2 was un-
9. Ryseck RP, Macdonald-Bravo H, Mattei MG, Bravo R: Struc-altered in these experiments. In the model used by Ham-

ture, mapping, and expression of fisp-12, a growth factor-inducible
mes et al, exploring the effects calcium oxalate monohy- gene encoding a secreted cysteine-rich protein. Cell Growth Differ

2:225–233, 1991drate crystals on a monkey kidney epithelial cell line
10. Brunner A, Chinn J, Neubauer M, Purchio AF: Identification(BSC-1; a model for crystal-induced interstitial fibrosis),

of a gene family regulated by transforming growth factor-beta.
CTGF was one of the growth factors up-regulated at 6 DNA Cell Biol 10:293–300, 1991

11. O’Brien TP, Yang GP, Sanders L, Lau LF: Expression of cyr61,to 24 hours, but was not evident in basal conditions [80].
a growth factor-inducible immediate-early gene. Mol Cell BiolTGF-b1 was present constitutively, but not up-regulated
10:3569–3577, 1990

on exposure to crystals, demonstrating again that CTGF 12. Simmons DL, Levy DB, Yannoni Y, Erikson RL: Identification
of a phorbol ester-repressible v-src-inducible gene. Proc Natl Acadexpression may occur in the absence of TGF-b1 activity.
Sci USA 86:1178–1182, 1989

13. Joliot V, Martinerie C, Dambrine G, Plassiart G, Brisac M,
Crochet J, Perbal B: Proviral rearrangements and overexpressionSUMMARY
of a new cellular gene (nov) in myeloblastosis-associated virus type
1-induced nephroblastomas. Mol Cell Biol 12:10–21, 1992In summary, CTGF is a member of the CCN family,

14. Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA,which also includes cyr 61, nov, and wisp genes. CTGF
Lee J, Brush J, Taneyhill LA, Deuel B, Lew M, Watanabe C,

is generated in vitro in multiple cell types, including Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD,
Hillan KJ, Gurney AL, Botstein D, Levine AJ: WISP genes aremesangial cells and renal tubule epithelial cells, by a
members of the connective tissue growth factor family that arevariety of stimuli, including high glucose, mechanical
up-regulated in wnt-1-transformed cells and aberrantly expressed

strain, and TGF-b. Emerging evidence suggests that in human colon tumors. Proc Natl Acad Sci USA 25:14717–14722,
1998CTGF may be an important downstream mediator of

15. Hashimoto Y, Shindo-Okada N, Tani M, Nagamachi Y, Takeu-TGF-b’s profibrotic activities. CTGF appears to play a
chi K, Shiroishi T, Toma H, Yokota J: Expression of the Elm1

role in the development and progression of glomerulo- gene, a novel gene of the CCN (connective tissue growth factor,
Cyr61/Cef10, and neuroblastoma overexpressed gene) family, sup-sclerosis and tubulointerstitial fibrosis as part of TGF-b–
presses in vivo tumor growth and metastasis of K-1735 murinedependent and TGF-b–independent pathways. The elu-
melanoma cells. J Exp Med 187:289–296, 1998

cidation of the receptors and signaling events that exert 16. Kumar S, Hand AT, Connor JR, Dodds RA, Ryan PJ, Trill JJ,
Fisher SM, Nuttall ME, Lipshutz DB, Zou C, Hwang SM,CTGF’s bioactivities should suggest strategies for inter-



Gupta et al: Connective tissue growth factor1398

Votta BJ, James IE, Rieman DJ, Gowen M, Lee JC: Identification ity in cultured rat mesangial cells and its expression in experimental
diabetic glomerulosclerosis. J Am Soc Nephrol 11:25–38, 2000and cloning of a connective tissue growth factor-like cDNA from

human osteoblasts encoding a novel regulator of osteoblast func- 35. Igarashi A, Okochi H, Bradham DM, Grotendorst GR: Regula-
tion of connective tissue growth factor gene expression in humantions. J Biol Chem 274:17123–17131, 1999

17. Zhang R, Averboukh L, Zhu W, Zhang H, Jo H, Dempsey P, skin fibroblasts and during wound repair. Mol Biol Cell 4:637–645,
1993Coffey R, Pardee A, Liang P: Identification of rCop-1, a new

member of the CCN protein family, as a negative regulator for 36. Frazier K, Williams SKD, Klapper H, Grotendorst GR: Stimu-
lation of fibroblast cell growth, matrix production, and granulationcell transformation. Mol Cell Biol 18:6131–6141, 1998

18. Mason ED, Konrad KD, Webb CD, Marsh JL: Dorsal midline tissue formation by connective tissue growth factor. J Invest Derma-
tol 107:404–411, 1996fate in Drosophila embryos requires twisted gastrulation, a gene

encoding a secreted protein related to human connective tissue 37. Kireeva ML, Latinkic BV, Kolesnikova TV, Chen C-C, Yang
GP, Abler AS, Lau LF: Cyr61 and fisp12 are both ECM-associatedgrowth factor. Genes Dev 8:1489–1501, 1994

19. Francois V, Solloway M, O’Neill JW, Emery J, Bier E: Dorsal- signaling molecules: Activities, metabolism, and localisation during
development. Exp Cell Res 233:63–77, 1997ventral patterning of the Drosophila embryo depends on a putative

negative growth factor encoded by the short gastrulation gene. 38. Dammier J, Deer H, Brauchle M, Werner S: Dexamethasone is
a novel potent inducer of connective tissue growth factor expres-Genes Dev 8:2602–2616, 1994

20. Martinerie C, Huff V, Joubert I, Badzioch M, Saunders G, sion. J Biol Chem 273:18185–18190, 1998
39. Lin J, Liliensiek B, Kanitz M, Schimanski U, Bohrer H, Wald-Strong L, Perbal B: Structural analysis of the human nov proto-

oncogene and expression in Wilms tumor. Oncogene 9:2729–2732, herr R, Martin E, Kauffmann G, Ziegler R, Nawroth P: Molec-
ular cloning of genes differentially regulated by TNF-alpha in bo-1994

21. Jay P, Berge-Lefranc JL, Marsollier C, Mejean C, Taviaux S, vine aortic endothelial cells, fibroblasts and smooth muscle cells.
Cardiovasc Res 38:802–813, 1998Berta P: The human growth factor-inducible immediate early gene,

CYR61, maps to chromosome 1p. Oncogene 14:1753–1757, 1997 40. Kikuchi K, Kadono T, Ihn H, Sato S, Igarashi A, Nakagawa
H, Tamaki K, Takehara K: Growth regulation in scleroderma22. Grotendorst GR: Connective tissue growth factor: A mediator

of TGF-beta action on fibroblasts. Cytokine Growth Factor Rev fibroblasts: Increased response to transforming growth factor-
beta1. J Invest Dermatol 105:128–132, 19958:171–179, 1997

23. Lasky JA, Ortiz LA, Tonthat B, Hoyle GW, Corti M, Athas 41. Shimo T, Nakanishi T, Kimura Y, Nishida T, Ishizeki K, Matsu-
mura T, Takigawa M: Inhibition of endogenous expression ofG, Lungarella G, Brody A, Friedman M: Connective tissue

growth factor mRNA expression is upregulated in bleomycin- connective tissue growth factor by its antisense oligonucleotide and
antisense RNA suppresses proliferation and migration of vascularinduced lung fibrosis. Am J Physiol 275:L365–L371, 1998

24. Brigstock DR, Steffen CL, Kim GY, Vegunta RK, Diehl JR, endothelial cells. J Biochem (Tokyo) 124:130–140, 1998
42. Nakanishi T, Kimura Y, Tamura T, Ichikawa H, Yamaai Y,Harding PA: Purification and characterization of novel heparin-

binding growth factors in uterine secretory fluids. J Biol Chem Sugimoto T, Takigawa M: Cloning of a mRNA preferentially
expressed in chondrocytes by differential display-PCR from a hu-272:20275–20282, 1997

25. Kim H-S, Nagalla SR, Oh HY, Wilson E, Roberts CT Jr, Rosen- man chondrocytic cell line that is identical with connective tissue
growth factor (CTGF) mRNA. Biochem Biophys Res Communfeld RG: Identification of a family of low-affinity insulin-like

growth factor binding proteins (IGFBPs): Characterization of con- 234:206–210, 1997
43. Nakanishi T, Takigawa M: Physiological function of connectivenective tissue growth factor as a member of the IGFBP superfamily.

Proc Natl Acad Sci USA 94:12981–12986, 1997 tissue growth factor (CTGF/Hcs24): Its roles in the process of
endochondral ossification. Seikagaku 71:429–432, 199926. Collet C, Candy J: How many insulin-like growth factor binding

proteins? Mol Cell Endocrinol 139:1–6, 1998 44. Nakanishi T, Nishida T, Shimo T, Kobayashi K, Kubo T, Tama-
tani T, Tezuka K, Takigawa M: Effects of CTGF/Hcs24, a product27. Yang D, Kim H, Wilson EM, Rosenfeld RG, Oh Y: Identification

of glycosylated 38 kDa connective tissue growth factor (IGFBP- of a hypertrophic chondrocyte-specific gene, on the proliferation
and differentiation of chondrocytes in culture. Endocrinologyrelated protein 2) and proteolytic fragments in human biological

fluids, and upregulation of IGFBP-rP2 expression by TGF-beta 141:264–273, 2000
45. Wenger C, Ellenrieder V, Alber B, Lacher U, Menke A,in Hs578T human breast cancer cells. J Clin Endocrinol Metab

83:2593–2596, 1998 Hameister H, Wilda M, Iwamura T, Beger HG, Adler G, Gress
TM: Expression and differential regulation of connective tissue28. Allen JT, Knight RA, Bloor CA, Spiteri MA: Enhanced insulin-

like growth factor binding protein-related protein 2 (connective growth factor in pancreatic cancer cells. Oncogene 18:1073–1080,
1999tissue growth factor) expression in patients with idiopathic pulmo-

nary fibrosis and pulmonary sarcoidosis. Am J Respir Cell Mol 46. Xin LW, Martinerie C, Zumkeller W, Westphal M, Perbal B:
Differential expression of novH and CTGF in human glioma cellBiol 21:693–700, 1999

29. Steffen CL, Ball-Mirth DK, Harding PA, Bhattacharyya N, lines. Mol Pathol 49:M91–M97, 1996
47. Grotendorst GR, Okochi H, Hayashi N: A novel transformingPillai S, Brigstock DR: Characterization of cell associated and

soluble forms of connective tissue growth factor produced by fi- growth factor beta response element controls the expression of the
connective tissue growth factor gene. Cell Growth Differ 7:469–480,broblast cells in vitro. Growth Factors 15:199–213, 1998

30. Boes M, Dake BL, Booth BA, Erondu NE, Oh Y, Hwa V, 1996
48. de Waard V, van den Berg BM, Veken J, Schultz-HeienbrokRosenfeld R, Bar RS: Connective tissue growth factor (IGFBP-

rP2) expression and regulation in cultured bovine endothelial cells. R, Pannekoek H, van Zonneveld AJ: Serial analysis of gene
expression to assess the endothelial cell response to an atherogenicEndocrinology 140:1575–1580, 1999

31. Surveyor GA, Wilson AK, Brigstock DR: Localization of con- stimulus. Gene 226:1–8, 1999
49. Kubota S, Hattori T, Nakanishi T, Takigawa M: Involvementnective tissue growth factor during the period of embryo implanta-

tion in the mouse. Biol Reprod 59:1207–1213, 1998 of cis-acting repressive element(s) in the 39-untranslated region of
human connective tissue growth factor gene. FEBS Lett 450:84–88,32. Nishida T, Nakanishi T, Shimo T, Asano M, Hattori T, Tamatani

T, Tezuka K, Takigawa M: Demonstration of receptors specific 1999
50. Almendral JM, Sommer D, Macdonald-Bravo H, Burckhardtfor connective tissue growth factor on a human chondrocytic cell

line (HCS-2/8). Biochem Biophys Res Commun 247:905–909, 1998 J, Perera J, Bravo R: Complexity of the early genetic response
to growth factors in mouse fibroblasts. Mol Cell Biol 8:2140–2148,33. Hong HH, Uzel MI, Duan C, Sheff MC, Trackman PC: Regula-

tion of lysyl oxidase, collagen, and connective tissue growth factor 1988
51. Kothapalli D, Hayashi N, Grotendorst GR: Inhibition of TGF-by TGF-beta1 and detection in human gingiva. Lab Invest 79:1655–

1667, 1999 beta-stimulated CTGF gene expression and anchorage-indepen-
dent growth by cAMP identifies a CTGF-dependent restriction34. Riser BL, Denichilo M, Cortes P, Baker C, Grondin JM, Yee

J, Narins RG: Regulation of connective tissue growth factor activ- point in the cell cycle. FASEB J 12:1151–1161, 1998



Gupta et al: Connective tissue growth factor 1399

52. Duncan MR, Frazier KS, Abramson S, Williams S, Klapper Grotendorst GR, Takehara K: Connective tissue growth factor
H, Huang X, Grotendorst GR: Connective tissue growth factor gene expression in tissue sections from localised scleroderma, ke-
mediates transforming growth factor beta-induced collagen synthe- loid, and other fibrotic skin disorders. J Invest Dermatol 106:729–
sis: Down-regulation by cAMP. FASEB J 13:1774–1786, 1999 733, 1996

53. Hishikawa K, Oemar BS, Tanner FC, Nakaki T, Fujii T, Luscher 71. Frank S, Madlener M, Werner S: Transforming growth factors
TF: Overexpression of connective tissue growth factor gene induces beta1, beta2, and beta3 and their receptors are differentially regu-
apoptosis in human aortic smooth muscle cells. Circulation 100: lated during normal and impaired wound healing. J Biol Chem
2108–2112, 1999 271:10188–10193, 1996

54. Hishikawa K, Oemar BS, Tanner FC, Nakaki T, Luscher TF, 72. Mori T, Kawara S, Shinozaki M, Hayashi N, Kakinuma T, Igara-
Fujii T: Connective tissue growth factor induces apoptosis in hu- shi A, Takigawa M, Nakanishi T, Takehara K: Role and interac-
man breast cancer cell line MCF-7. J Biol Chem 274:37461–37466, tion of connective tissue growth factor with transforming growth
1999 factor-beta in persistent fibrosis: A mouse fibrosis model. J Cell

55. Lau LF, Lam SC: The CCN family of angiogenic regulators: The Physiol 181:153–159, 1999
integrin connection. Exp Cell Res 248:44–57, 1999 73. Kubo M, Kikuchi K, Nashiro K, Kakinuma T, Hayashi N, Nanko

56. Babic AM, Chen CC, Lau LF: Fisp12/mouse connective tissue H, Tamaki K: Expression of fibrogenic cytokines in desmoplastic
growth factor mediates endothelial cell adhesion and migration malignant melanoma. Br J Dermatol 139:192–197, 1998
through integrin alphavbeta3, promotes endothelial cell survival, 74. Jedsadayanmata A, Chen CC, Kireeva ML, Lau LF, Lam SC:
and induces angiogenesis in vivo. Mol Cell Biol 19:2958–2966, 1999 Activation-dependent adhesion of human platelets to Cyr61 and

57. Shimo T, Nakanishi T, Nishida T, Asano M, Kanyama M, Kuboki Fisp12/mouse connective tissue growth factor is mediated through
T, Tamatani T, Tezuka K, Takemura M, Matsumura T, Taki- integrin alpha (IIb) beta (3). J Biol Chem 274:24321–24327, 1999
gawa M: Connective tissue growth factor induces the proliferation, 75. Ito Y, Bende RJ, Oemar BS, Rabelink TJ, Weening JJ, Gold-
migration, and tube formation of vascular endothelial cells in vitro, schmeding R: Expression of connective tissue growth factor in
and angiogenesis in vivo. J Biochem (Tokyo) 126:137–145, 1999 human renal fibrosis. Kidney Int 53:853–861, 1998

58. Kothapalli D, Frazier KS, Welpy A, Segarini PR, Grotendorst 76. Murphy M, Godson C, Cannon S, Kato S, Mackenzie HS, MartinGR: Transforming growth factor beta induces anchorage indepen- F, Brady HR: Suppression subtractive hybridization identifies highdent growth of NRK fibroblasts via a connective tissue growth glucose levels as a stimulus for expression of connective tissuefactor-dependent signalling pathway. Cell Growth Differ 8:61–68,
growth factor and other genes in human mesangial cells. J Biol1997
Chem 274:5830–5834, 199959. Kothapalli D, Grotendorst GR: CTGF modulates cell cycle

77. Murphy M, McGinty A, Godson C: Protein kinases C: Potentialprogression in cAMP-arrested NRK fibroblasts. J Cell Physiol
targets for intervention in diabetic nephropathy. Curr Opin Nephrol182:119–126,2000
Hypertens 7:563–570, 199860. Oemar BS, Werner A, Garnier JM, Do DD, Godoy N, Nauck

78. Koya D, King G: Protein kinase C activation and the developmentM, Marz W, Rupp J, Pech M, Luscher TF: Human connective
of diabetic complications. Diabetes 47:859–866, 1998tissue growth factor is expressed in advanced atherosclerotic le-

79. Pawar S, Kartha S, Toback FG: Differential gene expressionsions. Circulation 95:831–839, 1997
in migrating renal epithelial cells after wounding. J Cell Physiol61. Tamatani T, Kobayashi H, Tezuka K, Sakamoto S, Suzuki K,
165:556–565, 1995Nakanishi T, Takigawa M, Miyano T: Establishment of the en-

80. Hammes MS, Lieske JC, Pawar S, Benjamin HS, Toback FG:zyme-linked immunosorbent assay for connective tissue growth
Calcium oxalate monohydrate crystals stimulate gene expressionfactor (CTGF) and its detection in the sera of biliary atresia.
in renal epithelial cells. Kidney Int 48:501–509, 1995Biochem Biophys Res Commun 251:748–752, 1998

81. Ricupero DA, Rishikof DC, Kuang PP, Poliks CF, Goldstein62. di Mola FF, Friess H, Martignoni ME, Di Sebastiano P, Zimmer-
RH: Regulation of connective tissue growth factor expression bymann A, Innocenti P, Graber H, Gold LI, Korc M, Buchler
prostaglandin E (2). Am J Physiol 277:L1165–L1171, 1999MW: Connective tissue growth factor is a regulator for fibrosis in

82. Shinozaki M, Kawara S, Kakinuma T, Igarashi A, Takeharahuman chronic pancreatitis. Ann Surg 230:63–71, 1999
K: Induction of subcutaneous tissue fibrosis in newborn mice by63. Paradis V, Dargere D, Vidaud M, de Gouville AC, Huet S,
transforming growth factor beta-simultaneous application with ba-Martinez V, Gauthier JM, Ba N, Sobesky R, Ratziu V, Bedossa
sic fibroblast growth factor causes persistent fibrosis. Biochem Bio-P: Expression of connective tissue growth factor in experimental
phys Res Commun 237:292–297, 1997rat and human liver fibrosis. Hepatology 30:968–976, 1999

83. Igarashi A, Hayashi N, Nashiro K, Takehara K: Differential64. Surveyor GA, Brigstock DR: Immunohistochemical localization
expression of connective tissue growth factor gene in cutaneousof connective tissue growth factor (CTGF) in the mouse embryo
fibrohistiocytic and vascular tumors. J Cutan Pathol 25:143–148, 1998between days 7.5 and 14.5 of gestation. Growth Factors 17:115–124,

84. Frazier KS, Grotendorst GR: Expression of connective tissue1999
growth factor mRNA in the fibrous stroma of mammary tumors.65. Cash DE, Gates PB, Imokawa Y, Brockes JP: Identification of
Int J Biochem Cell Biol 29:153–161, 1997newt connective tissue growth factor as a target of retinoid regula-

85. Dammier J, Brauchle M, Falk W, Grotendorst GR, Werner S:tion in limb blastemal cells. Gene 222:119–124, 1998
Connective tissue growth factor: A novel regulator of mucosal66. Kondo Y, Nakanishi T, Takigawa M, Ogawa N: Immunohisto-
repair and fibrosis in inflammatory bowel disease? Int J Biochemchemical localization of connective tissue growth factor in the rat
Cell Biol 30:909–922, 1998central nervous system. Brain Res 834:146–151, 1999

86. Ziesche R, Hofbauer E, Wittmann K, Petkov V, Block LH: A67. Ball DA, Surveyor GA, Diehl JR, Steffen CL, Uzumcu M,
preliminary study of long-term treatment with interferon gamma-MAM, Brigstock DR: Characterization of 16-20-kilodalton (kDa)
1b and low-dose prednisolone in patients with idiopathic pulmo-connective tissue growth factors (CTGF) and demonstration of
nary fibrosis. N Engl J Med 341:1264–1269, 1999proteolytic activity for 38 kDa CTGF in pig uterine luminal flush-

87. Ohnishi H, Oka T, Kusachi S, Nakanishi T, Takeda K, Naka-ings. Biol Reprod 59:828–835, 1998
hama M, Doi M, Murakami T, Ninomiya Y, Takigawa M, Tsuji68. Brigstock DR: The connective tissue growth factor/cysteine-rich
T: Increased expression of connective tissue growth factor in the61/nephroblastoma overexpressed (CCN) family. Endocr Rev 20:
infarct zone of experimentally induced myocardial infarction in189–206, 1999
rats. J Mol Cell Cardiol 30:2411–2422, 199869. Igarashi A, Nashino K, Kikuchi K, Sato S, Ihn H, Grotendorst

88. Lee EH, Joo CK: Role of transforming growth factor-beta in trans-GR, Takehara K: Significant correlation between connective tis-
differentiation and fibrosis of lens epithelial cells. Invest Ophthal-sue growth factor gene expression and skin sclerosis in tissue sec-
mol Vis Sci 40:2025–2032, 1999tions from patients with systemic sclerosis. J Invest Dermatol

89. Oemar BS, Luscher TF: Connective tissue growth factor: Friend105:280–284, 1995
70. Igarashi A, Nashiro K, Kikuchi K, Sato S, Ihn H, Fujimoto M, or foe? Arteriosecler Thromb Vasc Biol 17:1483–1489, 1997




