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Preface

CCN is an acronym that is derived from Cyr61, CTGF, and Nov, the names
originally given to the first three proteins to be identified in what is now a six-
member family. These proteins comprise a fascinating and important group
of homologous proteins that have not received the attention that they deserve
from cell and molecular biologists. The publication of this book should do
much to rectify this oversight.

In their excellent overview (Chapter 1) Perbal and Takigawa describe the
early history of these proteins and the various names that were assigned to
them, most of which were based on their perceived functions. As might be
expected for proteins with multiple, diverse functions that were discovered
almost simultaneously by different investigators, several names were often
assigned to the same protein. In some cases, as with CCN2 for which the
term connective tissue growth factor (CTGF) did not accurately describe its
function, these names were a potential source of confusion. It is therefore a
tribute to the field, and of substantial assistance to investigators in related areas
of research with an interest in CCN proteins, that agreement on a systematic
nomenclature was reached.

The practice of categorization in biology is a time-honored one that can
be traced to Carolus Linnaeus, the father of taxonomy. In the case of CCN
proteins, a grouping on the basis of homologous genetic structure is sensible,
and is in keeping with the principles of protein evolution. There are, in addition,
many other similarities among the six CCN proteins, which are summarized in
Chapter 1, and are considered in greater detail in other Chapters throughout
the book.

A common feature of CCN proteins is that they are all secreted proteins
and are therefore present in the extracellular milieu. Since there is currently
no evidence that any of the CCN proteins functions as an integral component
of a structural entity such as a fibril or a basement membrane, it is presumed
that these proteins function predominantly by interaction with cell-surface
receptors. Indeed, as discussed by Lau and Lam (Chapter X), there is good
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evidence for functional interactions of CCNI1, 2, and 3 with many integrins,
and this property is likely to extend to the other CCNs. Several members of the
CCN family have been shown to influence the Wnt signaling pathway, which
includes the receptor LRP6 (Latinkic, Chapter X), and interactions with LRP1
and Notch have also been demonstrated. In addition to cell-surface receptors,
CCN proteins can interact with many different cytokines, growth factors, and
extracellular matrix proteins.

The similarity of CCN proteins to matricellular proteins has not escaped
the notice of several authors in this book. The term ‘matricellular’ was coined
to call attention to the unusual properties of a group of proteins that, while
resident in the extracellular space, do not appear to play a structural role in the
matrix, at least postnatally in vertebrates, but rather serve to modulate cell-
matrix interactions and cell function (Bornstein, 1995). The realization that
the extracellular matrix contains regulatory proteins that are distinct from
growth factors and cytokines grew from an initial consideration of the proper-
ties of thrombospondin (TSP)-1, SPARC, and tenascin-C (Sage and Bornstein,
1991). This notion was later supported by studies of TSP-2, osteopontin, and
tenascin-X (Bornstein, 2001; Bornstein and Sage, 2002). There are many simi-
larities between the functions of members of the CCN and matricellular protein
families. These include the regulation of angiogenesis, cell adhesion, migration,
and proliferation, and control of collagen fibrillogenesis. Their fundamental
mode of action is also similar in that it results from interactions with bioef-
fector molecules (cytokines, growth factors, and in some cases proteases), and
with a multitude of cell-surface receptors.

However, matricellular and CCN proteins differ in that the latter are
grouped on the basis of protein homology, whereas matricellular proteins
include structurally dissimilar proteins that are functionally analogous. Within
the matricellular family, TSPs 1 and 2 are also closely related structurally, and
lessons learned from the studies of these two proteins may be particularly
relevant to the CCN family. Despite their very similar structures and almost
identical properties, when the purified proteins are tested in vitro, the pheno-
types of the TSP1- and TSP2-null mice are very different. This finding very
likely reflects the different spatial and temporal patterns of expression of the
two proteins, and the fact that their functions, as well as that of other matri-
cellular proteins, are contextual and depend on the cell-surface receptors and
bioeffector molecules with which they interact. Both the phenotypes of the
TSP1- and TSP2-null mice, and the fact that there is no evidence in these mice
for compensation of one TSP by the other, are consistent with the very different
sequences of the promoters in the two genes. Thus far, only the phenotypes of



Preface xi

CCN1-and CCN2-null mice have been published. It will be of interest to deter-
mine the degree of overlap, or lack thereof, among the six mouse knockouts
and to correlate this information with studies of the promoters of the relevant
genes. Nevertheless, with the data that are currently at hand, it is probably
safe to say that the information that is gained from experiments in vitro with
purified CCN proteins can only serve as a rough guide to the physiological
functions of these proteins.

On balance, it would seem advantageous for scientists in both fields to
consider CCN proteins as members of the matricellular family. However, it
should be remembered that categorization of proteins on the basis of function,
and the resulting assumptions that are made, are human tendencies that Nature
does not necessarily share.
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CHAPTER 1

THE CCN FAMILY OF PROTEINS:
AN OVERVIEW

Bernard Perbal* and Masaharu Takigawa’

*Laboratoire d’Oncologie Virale et Moléculaire
Tour 54, Case 7048, Université Paris 7-D.Diderot
2 Place Jussieu, 75005 Paris, France
perbal@ccrjussieu.fr

TDepartment of Biochemistry and Molecular Dentistry
Okayama University Graduate School of Medicine and Dentistry
2-5-1, Shikata-cho, Okayama, 700-8525, Japan
takigawa @md.okayama-u.ac.jp

In this chapter, we introduce the general structures and functions of CCN
proteins and briefly review major questions regarding the biological properties
of this new family of signaling regulators.

1. INTRODUCTION

The CCN family of proteins originally consisted of 3 members, namely CTGF
(connective tissue growth factor, in human), CYR61 (cysteine rich 61, in mouse)
and NOV (nephroblastoma overexpressed, in chicken). Hence the “CCN” fam-
ily acronym, which uses the first letter of each member’s name. However, when
the same proteins were discovered independently by other groups working
with different biological systems, they were given several different names. Later,
other proteins such as ELM-1/WISP-1, rCop-1/WISP-2/CTGF-L and WISP-3
were reported to share structural identity with CTGF, CYR61 and NOV and
therefore belong to the CCN family of proteins (Brigstock, 1999; Lau and
/Lam, 1999; Perbal, 2001; Takigawa, 2003). In addition to the confusion that
resulted from the variety of names given to the same proteins, this nomenclature
sometimes turned out to be misleading. For example, several lines of evidence
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Table 1. Nomenclature for CCN proteins

CCN nomenclature Current names
CCNI1 CYRG61/CEF10/81G-M1/IGFBP9/IGFBP-rP4
CCN2 CTGF/FISP12/Hcs24/81G-M2/HBGF-0.8/ecogenin/
IGFBPS8/IGFBP-rP2
CCN3 NOV/IGFBP9/IGFBP-rP3
CCN4 ELM-1/WISP-1
CCNS5 rCOP-1/WISP-2/CTGF-L/HICP
CCN6 WISP-3

CCN names were given according to the order in which they were described in the literature.

indicated that CTGF is not a genuine “growth factor” and elevated expression
of nov is not a feature of human nephroblastomas. A consensus was, therefore,
reached to propose a unifying nomenclature for the CCN family, numbering
the proteins CCN1-CCNG6 in the order in which they were first described in
the literature (Brigstock et al., 2003). The various names that were used previ-
ously and the correspondence of old names to the new CCN nomenclature are
summarized in Table 1.

2. STRUCTURES OF CCN PROTEINS AND GENES

The prototypic CCN protein is encoded by five exons and is constituted by
the assembly of 4 modules, i.e. the IGFBP, von Willebrand factor type C
repeat (VWC), thrombospondin type 1 repeat (TSP), and carboxy-terminal
(CT) (Fig. 1). All CCN proteins but CCN6 contain 38 conserved cysteine
residues and share this tetra-modular structure with the exception of CCNS5,
which lacks the C-terminal (CT) module (Fig. 2). (Brigstock, 1999; Lau and
Lam, 1999; Perbal, 2001; Takigawa, 2003). The mRNAs encoding the proto-
typic CCN protein is characterized by a long 3'-UTR (Kubota et al., 1999).
However, the CCN family is now known to be complex, with biologi-
cally active CCN isoforms generated by either post-translational processing
or alternative splicing (Perbal, 2004). For example, CCNS5 lacks the CT mod-
ule (Fig. 1); and the VWC module of CCN6 contains only 6 cysteine residues
(Brigstock, 1999; Lau and Lam, 1999; Perbal, 2001; Takigawa, 2003). More-
over, two CCN2 variants consisting of TSP1 and CT modules only, and of
module CT alone, are believed to result from post-translational processing
(Brigstock, 1999). A similar post-translationally processed variant of CCN3
comprising only modules TSP1 and CT was also reported (Perbal, 2004). An
amino-truncated CCN3 isoform was first found in tumors and nuclear CCN3
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Fig. 1. Dendrogram of CCN family members (A) and schematic organization of CCN genes and
proteins (B). 3’-UTR: 3’-untranslated region. The protoypic CCN protein is encoded by 5 exons
and is characterized 4 modules. IGFBP: insulin-like growth factor binding protein-like, VWC: von
Willebrand factor type C, TSP: thrombospondin type 1 repeat, CT: C-terminal. The schematic
structure of each protein is represented in Fig. 2.

isoforms deprived of module 1 were also described in several tumor cell lines
(Perbal, 2001). In addition, a CCN4 variant lacking the VWC module and a
CCNG6 variant lacking both TSP and CT modules have recently been reported
(Perbal, 2004; Tanaka et al., 2001; Tanaka et al., 2002).

The existence of four potentially functional domains in these proteins raised
fundamental questions about their contribution to the various biological prop-
erties of the CCN proteins. It is now currently accepted that each of the four
modules act both independently and interdependently, and that the multi-
modular structure of the CCN proteins provide the basis for a wide range of
interactions with different partners.

3. FUNCTIONS OF CCN PROTEINS

The CCN genes are expressed in a variety of embryonic and adult tissues. Major
sites of expression include the nervous system, the musculoskeletal system, the
blood vessels and the adrenal. The expression of the CCN genes is tightly
controlled, both temporally and spatially, suggesting that CCN proteins play
important biological functions.

The various functions attributed to the CCN proteins are summarized in
Table 2. They can be similar, complementary or antagonistic.
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CCN IGFBP VWC TSP1 CT/cysteine knot
Amino acid
nomenclature variable sequence
2 93 97 164 229 273 286 360 331 homology
cont S/ -«
27 97 101 167 199 243 256 330 349
34 104 108 174 202 250 264 337 357
cov [ o [ pmm— s
47 19 122 187 216 260 273 346 367
cove (e ey — )
24 93 98 164 194 238 250
cons e e — - 30
46 118 121 181 209 254 269 341 353
cove e~ %6
No. of cysteines 12 10 (6) 6 10
Functions TGFp-binding  integrin-binding  dimerization
BMP4 binding  LRP-1-binding heparin-binding
integrin-binding LRP-6-binding
notch
fubulin 1
VEGF binding
adhesion adhesion
mitogenicity

Fig. 2. Modular structure of each CCN protein. SP: signal peptide, BMP: bone morphogenetic
protein, LRP: low density lipoprotein receptor-related protein, VEGF: vascular endothelial cell
growth factor.

The high degree of homology exhibited by the CCN proteins suggested
that they might have similar or redundant functions. However, this view has
been challenged by many recent results. The different CCN proteins share
some biological functions; the functional overlap probably resulting from the
presence of common structural motifs among the various members. Thus,
the CCN proteins are now being defined as a novel family of growth and
differentiation regulators acting on a large variety of cell types.

On the other hand, despite their similar structure, the CCN proteins
also show significant functional divergence. They exhibit a many biological
functions that are highly dependent upon the type of cells and the cellular
context and that depend upon multiple interactions with a variety of regula-
tory molecules.
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Table 2. Functions of the CCN proteins

1) Biological processes in which the CCN proteins are involved

a) Growth, development, differentiation
CCN2, CCNI: angiogenesis, chondrogenesis, endochondral ossification
CCN3: kidney development

b) Wound healing, tissue repair, and tissue regeneration
CCN2: skin wound healing, fracture healing,

¢) Uterine function

d) Fibrosis (skin, kidney, lung, liver, blood vessels)

e) Inflammation

f) Tumor growth

2) Regulation of cellular functions by the CCN proteins

a) Control of cell cycle
CCN2, CCNI1: immediate early genes
CCN3, 4, 5: growth arrest/tumor suppressor

b) Cell adhesion and migration (bindings to integrins, expression of integrins)

¢) Production of extracellular matrix (collagen, proteoglycans, laminin)

d) Degradation of extracellular matrix (gene expression of matrix
metalloproteinase and plasmin etc.)

e) Tissue remodeling resulting from c) and d)

3) Molecular interaction of the CCN proteins and other proteins
a) Extracellular matrix components: collagens, proteoglycans etc.
b) Growth factors
c) Integrins, LRPs, 240 kDa cell surface protein

These proteins are known to be involved in various biological processes
such as normal growth and development, wound healing, tissue regeneration
and uterine function, fibrosis in various tissues/organs, inflammation such as
arthritis and tumor growth (Table 2) (Brigstock, 1999; Brigstock, 2003; Lau
and Lam, 1999; Perbal, 2001; Perbal, 2004; Takigawa, 2003; Takigawa et al.,
2003). Generally speaking, the regulatory functions of CCN1 and 2 are those of
immediate early genes, whereas CCN3-5 are putative growth arrest/suppression
genes (Table 2). CCN proteins are also involved in cell adhesion and migration,
cell differentiation, production of extracellular matrix (ECM) components and
their degrading enzymes (Hashimoto et al., 2002), suggesting their involve-
ment in tissue remodeling. Their abilities to bind ECM components, various
growth factors, and receptors in a way that can result in modifying their
actions (Abreu et al., 2002; Inoki et al., 2002) suggest that the CCN pro-
teins form multifunctional regulatory complexes as matricellular proteins. The
multiple biological functions of the CCN proteins are exerted through vari-
ous signaling pathways involving cell-surface receptors such as integrins (Gao
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and Brigstock, 2003; Lau and Lam, 1999), 240-kDa protein (Nishida et al.,
1998; Takigawa, 2003), LRPs (Gao and Brigstock, 2003; Mercurio et al., 2004;
Segarini et al., 2001), Notch (Sakamoto et al., 2002), as well as connexins and
calcium channels (Li et al., 2002; Gelhaus et al., 2004; Fu et al., 2004). The
regulation of intracellular calcium concentration by CCN3 and CCN2 has
established these proteins as genuine signaling factors. CCN proteins have
been proposed to coordinate signaling pathways governing intercellular and
intracellular communication needed for efficient control of cell growth, growth
arrest and differentiation (Perbal, 2004; Lombet et al., 2003).

4. THE CCN FAMILY OF PROTEINS
4.1. CCN1

CCN1 was first identified as Cyr61 and cef-10 immediate-early genes in mouse
fibroblasts and chicken embryo fibroblasts, respectively (Simmons et al., 1989;
O’Brien et al., 1990). It is composed of 355 amino acids, contains 38 cysteines,
and has a long variable region between modules IT (VWC) and III (TSP).
This stretch has been proposed to represent a hinge between the two pairs
of modules constituting the CCN proteins. However, conformation predic-
tion analyses (Perbal B, unpublished) revealed that this region is unique to
CCNI and is unlikely to adopt similar 3D structure in other CCN family
members.

CCNI is expressed in multiple adult and embryonic tissues and is
induced by epidermal growth factor (EGF), platelet-derived growth fac-
tor (PDGF), transforming growth factor-p (TGF-f), interleukin(IL)-1, -2 -6,
1,25-dihydoroxyvitamin D3, and dexamethasone. Serum responsive elements,
but not TGF-P responsive element, are found in its promoter region (Brigstock,
1999; Lau and Lam, 1999). CCNI1 stimulates cell proliferation, chemotaxis,
adhesion, ECM production, chondrogenesis and angiogenesis (Lau and Lam,
1999). These functions are also attributed to CCN2. However, higher doses of
CCNI1 are generally required to produce these effects (Nakanishi ef al., 2000;
Wong et al., 1997). Moreover, knockout mutants of CCN1 are lethal at the
embryonic stage, due to defective placental angiogenesis (Mo et al., 2002),
whereas those of CCN2 are neonatal lethal due to impaired endochondral
ossification (Ivkovic et al., 2003). The above differences suggest similar but dif-
ferent functions of these proteins. Among the different CCN proteins, CCN1
has the highest affinity for heparin, followed by CCN2 and CCN3 (Brigstock,
1999). Interactions of CCN1 with integrins and ECM have been investigated
in great detail (Lau and Lam, 1999) and are reviewed in Chapter 3.
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The implication of CCN1 in tumorigenesis has been extensively studied, in
a variety of human tumors, where its expression appears to be either increased
or decreased (Perbal, 2001).

Increased expression of CCN1 has been documented in the case of breast
tumors and brain tumors (Tsai et al., 2000; Xie et al., 2001). Forced expression
of CCNI in breast tumor cells can overcome the requirement for estrogen, and
promotes cell migration and invasion. However, an antiproliferative activity of
CCNI1 was reported in the case of non-small cell lung carcinoma (NSCLC) in
which expression of CCN1 is largely decreased. The pro- and anti-proliferative
activities of CCN1 are discussed in Chapter 15 of this book.

4.2. CCN2

The human CCN2 was originally discovered as a single polypeptide with a
molecular weight of 38-kDa secreted by cultured vein endothelial cells, and
its cDNA was shown to encode a 349-amino acid protein (Bradham et al.,
1991). Because the partially purified protein was mitogenic and chemotactic
for fibroblasts, it was named connective tissue growth factor (CTGF). Before
the discovery of CTGEF, the cDNA of the mouse CTGF ortholog had been
isolated as an immediate early gene from serum-stimulated NTH3T3 cells and
designated “fibroblast-inducible secreted protein-12” (fisp12) (Ryseck et al.,
1991). The mouse ortholog was also isolated as a TGF-f inducible gene from
mouse ARK-2B cells and named B1G-M2. Fisp12/B1G-M2 encodes 348 amino
acids, contains 39 cysteine residues, and is 91% homologous to CTGF (Brunner
et al., 1991). Independently of these studies, a gene, named hcs24 (a hyper-
trophic chondrocyte-specific gene 24), was isolated from a human chondrocytic
cell line, HCS-2/8, and shown to be identical to CTGF (Nakanishi et al., 1997).
All these genes are now recognized as being the same and their proteins are
thus called CCN2.

Early studies had suggested the involvement of CCN2 in fibrosis, because
its gene expression is induced by TGF-f and is found in various fibrotic disor-
ders and because CCN2 promotes the proliferation, migration, and adhesion
of fibroblasts (Brigstock, 1999; Moussad and Brigstock, 2000). However, once
CCN2 was isolated from chondrocytes and shown to be highly expressed in
hypertrophic chondrocytes, various physiological functions were uncovered
(Brigstock, 1999; Moussad and Brigstock, 2000; Takigawa, 2003; Takigawa
et al., 2003). For example, it promotes the proliferation and differentiation
of chondrocytes and osteoblasts in vitro (Nakanishi et al., 2000; Nishida
et al., 2002; Nishida et al., 2000). It also promotes adhesion, migration, and
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proliferation of endothelial cells in vitro and angiogenesis in vivo (Babic et al.,
1999; Shimo et al., 1998; Shimo et al., 1999). From these findings, it was sug-
gested that, because CCN2 promotes endochondral ossification in various
stages, it should be called “ecogenin” (Takigawa et al., 2003). The validity of this
hypothesis was proven by examining knockout mutant mice of CCN2, which
were shown to be neonatal lethal due to defective chest development as a con-
sequence of impaired endochondral ossification (Ivkovic et al., 2003). Among
the biochemical functions of CCN2, the most important one may be the pro-
motion of extracellular matrix (ECM) production, which is closely related to
physiology in ECM-rich tissues/organs such as cartilage and to pathology in
tissues/organs, where ECM production is undesirable under physiological con-
ditions (Takigawa, 2003; Takigawa et al., 2003).

The expression of CCN2 is the highest in hypertrophic chondrocytes in the
physiological state and it is also moderately expressed in developing vascular
endothelial cells and osteoblasts (Takigawa et al., 2003). Additionally, it is
detected in neurons in the brain and in kidney at lower levels (Takigawa, 2003;
Takigawa et al., 2003). Genetic elements such as promoter and silencer elements
and the intracellular counterparts that control CCN gene expression have been
much investigated especially for ccn2 (Eguchi et al., 2002; Grotendorst et al.,
1996; Kubota et al., 1999). Detailed reviews about this aspect of CCN2 biology
can be found in Chapter 2 of this book.

CCN2 gene expression is induced in various pathological states such as
fibrosis, inflammation, and arthritis and during wound healing (Moussad and
Brigstock, 2000; Nishida et al., 2004; Omoto et al., 2004; Takigawa, 2003; Taki-
gawa et al., 2003) and is stimulated by various other growth factors such as
TGF-B, bone morphogenetic protein (BMP), PDGF, EGF, bFGF, and CCN2
itself (Takigawa, 2003; Takigawa et al., 2003). Moreover, CCN2 can bind some
of these growth factors and modify their actions (Abreu et al., 2002). These
interactions may contribute to at least some of the multiple functions of CCN2.
Several extracellular counterparts (Gao and Brigstock, 2003; Mercurio et al.,
2004; Nishida et al., 2003), cell-surface receptors (Gao and Brigstock, 2003;
Mercurio et al., 2004; Nishida et al., 1998; Segarini et al., 2001), and intracellu-
lar signal transduction pathways (Yosimichi et al., 2004; Yosimichi et al., 2001;
Lietal., 2003) have been reported to interact with CCN2, suggesting that they
may also be involved in its various functions.

In addition to the classical roles of CCN2 as an extracellular messenger, the
intracellular distribution and possible functions of CCN2 have been recently
indicated (Kubota ef al., 2000; Wahab et al., 2001). In light of these findings,
the direct binding of cytoskeletal actin to CCN2 (Yosimichi et al., 2002) is
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particular of interest. Moreover, overexpressed CCN2 was found to negatively
modulate the cell cycle (Kubota et al., 2000), which is consistent with the
findings that CCN2 is accumulated in terminally-differentiated hypertrophic
chondrocytes in vivo (Takigawa, 2003) and overexpressed CCN2 induced apop-
tosis (Hishikawa et al., 1999) and attenuated growth of cancer-derived cell lines
(Moritani et al., 2003), as was also observed in the case of CCN3 (Gupta et al.,
2001; Benini et al., unpublished).

Detailed and updated reviews about the physiological and pathological
significances and molecular mechanism of actions of CCN2 are presented in
other chapters of this book.

4.3. CCN3

CCN3 was first isolated as an integration site of Myeloblastosis Associated
Virus type 1(N) (MAV-1(N) in a chicken nephroblastoma induced by this
virus (Joliot et al., 1992). The gene in which M AV was inserted in this tumor
was highly expressed and was found to encode a truncated version of a new
secretory protein showing partial identity with CTGF and CYRG61. Because
the expression of this gene was high in all MAV-induced nephroblastomas, it
was designated nov (nephroblastoma overexpressed).

The discovery of nov was pivotal in several respects: i) the high degree
of identity shared by NOV, CTGF and CYRG61 suggested the existence of a
broader family of structurally related proteins, ii) contrary to the situation
reported for ctgf and cyr61, the expression of nov was repressed upon serum
induction of starved fibroblasts, and upon virus-induced proliferation (Scholtz
etal., 1996); and iii) the amino-truncated nov protein that was produced follow-
ing MAYV integration in the tumor DNA, showed oncogenic properties whereas
the full length CCN3 protein was found to inhibit cell growth when tested in
chicken embryo fibroblasts.

These observations indicated that in spite of their similar structural organi-
zation and striking identity, these proteins might have quite distinct functions.

Furthermore these results provided the first clue for a role of CCN proteins
in tumorigenesis and showed for the first time that a full length CCN protein
was acting as a negative regulator of cell growth, whereas a truncated version
was acting as an oncogene.

We now know that the “nov” name is unfortunately misleading. In none
of the other tumors (a total of 150 were analyzed since then) MAV found to
be integrated within or in the vicinity of the ccn3 gene (Li et al., submitted
for publication), and elevated expression of ccn3 seems to be a feature of the
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MAV target cells that expand during the tumorigenic process (Cherel et al.,
manuscript in preparation). Cloning of the human and the mouse ccn3 gene
revealed that it was well conserved during evolution. However, over-expression
of CCN3 was not observed in Wilms tumor, the human equivalent of MAV-
induced nephroblastomas. On the contrary, increased expression of CCN3 was
associated to heterotypic differentiation in these tumors, an observation which
isin full agreement with the implication of CCN3 in chondrocytic and muscular
differentiation in normal conditions (Perbal, 2001).

For historical reasons, CCN3 expression has been studied in pathological
conditions associated to cancer development. The great deal of information
that has been obtained along the analysis of several different types of human
tumors, has permitted to consider that CCN3 dosage and manipulation can
represent a new tool in molecular medicine, especially for cancer diagnosis and
therapy (Perbal, 2003). A detailed presentation of CCN3 expression in human
tumors, and its potential usefulness in pathological studies can be found in
Chapters 13 and 14.

These studies pointed out that an elevated expression of CCN3 could be
associated to either a good or a bad prognosis. Analysis of CCN3 expression in
tumors of the musculo skeletal system and of the nervous system provided such
opposite results. In the case of Ewing’s sarcoma, assessment of CCN3 expres-
sion in primary tumors and corresponding metastases permitted to establish
that CCN3 expression was associated to a higher risk of developing metastases
(Manara et al., 2002). Conversely, in the case of glioblastomas, it has been
shown that the expression of CCN3 is inversely correlated to the metastatic
potential of the tumor cells which were freshly explanted from tumors of var-
ious grades (Li et al., 1996).

Recent results indicated that, in spite of this apparent discrepancy, CCN3
might play common roles in these two systems. Indeed, in all the cases that have
been studied thus far, including Ewing and glioblastomas, the CCN3 protein
was found to inhibit growth of tumor cells when assayed ex vivo. This obser-
vation is in agreement with previous observations, and with the association of
CCN3 with differentiation. Furthermore, tumor cells stably transfected with
CCN3 expression vectors showed a decreased tumorigenicity when injected in
nude mice. These observations confirmed that the full length CCN3 protein
exhibited an antiproliferative activity.

The first clues for mechanisms of action were obtained by means of the
two-hybrid and co-immunoprecipitation strategies which identified several key
regulatory proteins as CCN3 partners. The striking feature was that many dif-
ferent proteins appeared to interact with CCN3. Among them, the finding of
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ECM proteins including CCN2, receptors and channels was in accordance with
the secreted nature of CCN3. More surprising was the finding that cytoplas-
mic and nuclear proteins also physically interact with CCN3. The biological
relevance and significance of these interactions is discussed in Chapter 13. It
is worth noting that the CCN2 protein was also found at the nucleus of cells
(Wahab e al., 2001) and to interact with calcium channels (Lombet et al.,
2003).

These studies attributed for the first time a biological function to CCN3
and designated CCN proteins as genuine signaling factors.

4.4. CCN4

CCN4 was first isolated as a gene expressed in a low-metastatic type of
murine melanoma and called ELM1 (expressed in low-metastatic type 1 cells)
(Hashimoto et al., 1998). Its human orthologue was identified later as a Wnt-
induced secreted protein, named WISP-1 (Pennica et al., 1998). Consisting of
367 amino acids, it was induced within 3 h of serum stimulation and overex-
pressed in the stroma of tumors (Hashimoto et al., 1998; Pennica et al., 1998).
Interaction with decorin and biglycan may be related to its localization there
(Desnoyers et al., 2001). CCNS5 was found to inhibit tumor growth and metas-
tasis ex vivo and in vivo. A variant lacking VWC module was reported (Tanaka
et al., 2001) and suggested to be involved in the aggressive progression of scir-
rhous gastric carcinoma and in the invasion phenotype of cholangiocarcinoma
(Tanaka ef al., 2003; Tanaka ef al., 2001) (see Chapter 16 of this book).

4.5. CCN5

ccnS was first identified as a gene of normal rat embryo fibroblasts (rCopl)
whose expression was undectable after transformation (Zhang et al., 1998).
Its human ortholog was identified later as encoding a Wnt-induced secreted
protein (Wisp-2) (Pennica et al., 1998). The human orthologue was also
isolated as a gene encoding a CTGF-like protein (CTGF-L) from human
osteoblasts (Kumar et al., 1999). Heparin-induced CTGF-like protein iso-
lated from heparin-treated vascular smooth muscle cells is also identical to
CCNS5 (Brigstock, 1999). CCNS5 lacks the C-terminal module and has an
overall amino acid homology of ~ 30% with CCN2 (Brigstock, 1999). Gene
expression is high in quiescent cells and low during proliferation. Its functions
include growth arrest, tumor suppression, osteoblast adhesion and inhibition
of osteocalcin production by osteoblasts (Brigstock, 1999; Delmolino et al.,
2001; Kumar et al., 1999; Zhang et al., 1998). Recent studies have established
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the relevance of CCNS5 in human breast disease. Undetectable in normal breast
epithelial cells, the expression of CCNS is high in tumor samples and breast
tumor derived cell lines (Zoubine et al., 2001; Sanexa et al., 2001). Silencing of
CCNS functions interferes with serum-induced proliferation of breast tumor
cells (Banerjee et al., 2003).

Other aspects of CCNS5 biology are presented in Chapter 12.

4.6. CCN6

ccn6 was first identified by screening expressed sequence tag databases. The
corresponding protein was designated WISP-3 (Pennica et al., 1998). Unlike
the prototypic CCN protein, it lacks 4 cysteines in the VWC module. Various
mutations of this gene were reported in cases of pseudorheumatid dysplasia
(Hurvitz et al., 1999). Transfection of ccn6 into chondrocytic cells increased
the expression of genes encoding cartilage-specific matrix molecules such as
type II collagen and aggrecan. A mutation in the IGFBP module of ccn6
impaired the effects of ccn6 on these molecules, suggesting a role for CCN6
in cartilage integrity (Sen et al., 2004). A variant, lacking modules TSP and
CT was identified in gastrointestinal carcinomas (Perbal, 2004; Tanaka et al.,
2002) (see Chapter 16).

5. CONCLUDING COMMENTS

In this chapter, we have briefly introduced the general characteristics of CCN
proteins. Other chapters of this book, written by acknowledged experts in
this field, are up-to-date, comprehensive and authoritative, affording insights
into the biological roles of CCN proteins. As already stressed in this introduc-
tion, the CCN family members appear as multifunctional proteins which are
major actors in the control of cell proliferation and differentiation during nor-
mal development, wound repair, and regeneration of various types of tissues
including those of cartilage, bone, and the vascular system. The involvement
of CCN proteins in pathological processes such as fibrosis, renal diseases and
cancer development opens new promising avenues in various fields of human
molecular medicine.

This volume will be valuable for all those interested in CCN proteins,
growth factors, extracellular matrix proteins, signaling molecules, and mech-
anism of gene expression, whether from biochemical, molecular, biological,
biomedical, physiological, pathological or clinical points-of-view.
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CCN2/CTGF is a multifunctional growth factor for fibroblasts, chondrocytes,
osteoblasts, and vascular endothelial cells. Depending on the type of cell with
which it interacts, this factor promotes chemotaxis, migration, adhesion, pro-
liferation, differentiation and/or extracellular matrix formation. Because of
the very high level of gene expression of CCN2 in hypertrophic chondrocytes
in the physiological state, a major physiological role for this factor has been
suggested to be the promotion of endochondral ossification. However, recent
observations of its gene expression during embryonic development and wound
healing suggest the involvement of this factor in growth and regeneration of
various types of tissues including those of the skeletal and vascular systems.
Also, the results of administration of recombinant CCN2 in vivo suggest the
factor to be therapeutically useful for the regeneration and reconstruction of
skeletal and vascular tissues. Moreover, CCN2 promotes at least chondro-
genic differentiation of mesenchymal stem cells, suggesting that this factor is
applicable to cell therapy. CCN2 is also known to be involved in fibrotic dis-
orders, angiogenic diseases, and malignancies; but these pathological states
may be due to uncontrolled overexpression of this growth factor. This chap-
ter focuses on the role of CCN2 in the control of growth and regeneration,
including that at the molecular level.

1. INTRODUCTION

Connective tissue growth factor/hypertrophic chondrocyte specific gene prod-
uct 24 (CTGF/Hcs24) is the second member of the CCN protein family
(CCN2), which is characterized by 4 homologous modules, i.e. the IGFBP
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(insulin-like growth factor binding protein)-like, von Willebrand factor type C
repeat (VWC), thrombospondin type 1 repeat (TSP), and C-terminal (CT)
modules and conservation of all 38 cysteine residues among its members
(Fig. 1) (Bork, 1993; Brigstock, 1999; Lau and Lam, 1999; Perbal, 2004;
Takigawa, 2003; Takigawa et al., 2003). Human CCN2 was originally dis-
covered due to the cross-reactivity of a platelet-derived growth factor (PDGF)
antiserum with a single polypeptide having a molecular weight of 38-kDa and
secreted by cultured human vein endothelial cells (HUVEC), and its cDNA
was isolated from a HUVEC cDNA expression library with anti-PDGF and
shown to encode a 349-amino acid protein (Bradham ez al., 1991). In that study,
the partially purified protein was found to be both mitogenic and chemotac-
tic for fibroblast-like cells in vitro; and so this protein was named “CTGF”
(Bradham et al., 1991). Before the discovery of CTGF, the cDNA of the mouse
CCN2 ortholog had been isolated as an immediate early gene by differential

TRENDICSREBCE lpyont B2 E3 B4 E5 CAESAR
DNA .
promoter s 3-UTR
mRNA 1 AAAAA
\ ~
N
\ N S
signal ~ .
. ~1 TSP1 CT/cysteine knot
peptide T <27 ! 199 243\ 256 h 330 349
protein  NH3 i - e | =~ COOH
No. of cysteine 12 10 variable 6 10
residues
Functions IGF binding ~ TGF-B binding integrin binding  dimerization
BMP binding LRP-1 binding heparin binding
integrin binding LRP-6 binding
VEGF binding

cell adhesion cell adhesion
cell proliferation

Fig. 1. Modular structure of CCN2 protein and structure of its gene. The upper part of the figure
illustrates the structure of the human ccn2 gene. Exons are indicated by shading. Abbreviations:
TRENDIC, transcriptional enhancer dominant in chondrocytes; SBE, Smad binding element;
BCE-1/TbRE, basal control element 1/transforming growth factor-8 responsive element; CAE-
SAR, cis-acting element of structure-anchored repression; 3’-UTR, 3’-untranslated region. The
mature ccn2 mRNA is also shown with a 5’-capped structure and polyadenyl tail. The ccn2 mRNAs
are characterized by their long 3’-UTR. The middle part of the figure illustrates the structure of
the human CCN2 protein. IGFBP: IGF binding protein-like module, VWC: von Willebrand fac-
tor type C module, TSP1: thrombospondin type I repeat, CT: C-terminal module. The lower
part of the figure shows the function of each domain. BMP, bone morphogenetic protein; LRP,
low-density lipoprotein receptor-related protein; VEGF, vascular endothelial cell growth factor.
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screening of a cDNA library from serum-stimulated NIH3T3 cells and named
“fibroblast-inducible secreted protein-12” ( fisp12) (Ryseck et al., 1991). The
mouse ortholog was also isolated from TGF-g-stimulated mouse ARK-2B
cells and named BIG-M2 (Brunner et al., 1991). Fisp12/81G-M2 encodes 348
amino acids, contains 39 cysteine residues, and is 91% homologous to human
CCN2 (CTGF). Independently of these studies, we cloned an mRNA highly
expressed in hypertrophic chondrocytes from a human chondrocytic cell line,
HCS-2/8 (Enomoto and Takigawa, 1992; Takigawa et al., 1991; Takigawa et al.,
1989) and found that its gene product, which we named Hcs24, was identical
with that of human CCN2 (Nakanishi et al., 1997; Takigawa, 2003; Takigawa
et al., 2003). We also found it to be a regulatory molecule involved in many
stages of the process of skeletal and vascular growth and development. In addi-
tion, evidence showing the role of CCN2 in the regeneration of these tissues
has been recently accumulated.

This chapter describes the role of CCN2 in the control of growth and
regeneration at tissue, cellular, and molecular/gene levels.

2. ROLES OF CCN2 IN GROWTH CONTROL

It is no exaggeration to say that growth control of vertebrates is highly depen-
dent on the growth control of the skeletal tissues. During skeletal growth,
coordinate blood vessel formation also occurs. Therefore, the roles of CCN2
in skeletal growth and angiogenesis are firstly and secondly, respectively,
described in this section. The role of CCN2 in other cells and tissues is men-
tioned lastly.

2.1. Roles of CCN2 in Skeletal Growth

Bone is formed by 2 pathways (Fig. 2). One is intramembranous bone forma-
tion; and the other, endochondral ossification. In the process of intramembra-
nous bone formation, mesenchymal stem cells differentiate into osteoblasts;
and then these cells directly deposit bone matrix. Mesenchymal stem cells can
also differentiate into chondrocytes. These chondrocytes follow 2 distinct devel-
opmental pathways towards 2 distinct fates and functions (Fig. 2). Chondro-
cytes that give rise to articular cartilage acquire their permanent phenotype
to maintain normal joint function throughout life (Buckwater, 1998). In con-
trast, other chondrocytes, much more numerous, become organized into growth
plates and undergo maturation, hypertrophic differentiation, calcification, and
apoptosis, and are replaced by bone cells during the final stages of endochon-
dral ossification (Cancedda, 1995; Hunziker, 1994; Takigawa et al., 2003).
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Fig. 2. Possible roles of CCN2 in skeletal development and regeneration. The level of CCN2
expression is shown with marks. Spontaneously high (closed circle); spontaneously low but high
when stimulated (open circle); expressed only by stimulation (open triangle). + indicates the
presence of direct evidence. Broken arrows indicate ecogenin (endochondral ossification genetic
factor) action: The arrows point to the target cells, and the root of arrows is next to CCN2/CTGF-
producing cells. CCN2 released by the cells marked with “open circle and triangle” may act in an
autocrine/paracrine manner.

2.1.1. The role of CCN2 in chondrocytes

As described above, CCN2 was found to be highly expressed in hypertrophic
chondrocytes (Fig. 2 and Table 1). In situ hybridization using both whole-
mount neonates (P0) and their longitudinal sections revealed the expression of
CCN2 in hypertrophic chondrocytes and in cells in the zone of calcifying carti-
lage (Nakanishi er al., 1997; Nakanishi et al., 2000; Takigawa, 2003; Takigawa
et al., 2003). Whole-mount in situ hybridization of embryonic day 17 (E17)
mouse embryos showed that CCN2 was selectively expressed in the phalanges
of the forelimbs (Takigawa et al., 2003; Yamaai et al., 2005). Moreover, in situ
hybridization using tissue sections of E17 and neonatal mice revealed gene
expression of CCN2 in hypertrophic chondrocytes in the long bones, ribs, and
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Table 1. Gene expression of CCN2

In vivo
Physiological state: +++
Hypertrophic chondrocytes  (Ivkovic er al., 2003; Kadota et al., 2003; Mukudai et al.,
2003; Nakanishi et al., 1997; Nakata et al., 2002)
Physiological state: ++
Proliferating and maturing (Ivkovic et al., 2003; Kadota et al., 2003; Mukudai et al.,

chondrocytes 2003; Nakanishi et al., 1997; Nakata et al., 2002)
Developing vascular (Ivkovic et al., 2003; Takigawa, 2003)
endothelial cells
Endothelial cells in (Igarashi ez al., 1993; Kanyama et al., 2003;
injured tissues Nakata et al., 2002)
Osteoblasts & pre-osteoblasts (Kadota er al., 2003; Kanyama et al., 2003;
in embryo Nakata et al., 2002)

Periosteal cells proliferating  (Nakata et al., 2002)
during wound healing

Osteocytes stimulated by (Yamashiro et al., 2001)
mechanical stress

Stimulated undifferentiated  (Kadota e al., 2003; Kanyama er al., 2003;
mesenchymal cells Nakata et al., 2002)

Periodontal cells stimulated  (Kanyama et al., 2003; Yamashiro et al., 2001)
by mechanical stress

Physiological state: +

Tooth germ (Shimo er al., 2002; Yamaai et al., 2005)

Neural tissues (Heuer et al., 2003; Ivkovic et al., 2003; Kondo er al.,
1999; Yamaai et al., 1999)

Uterus (Moussad et al., 2002)

Kidney (Ito et al., 1998)

Pathological states in which CCN2 is induced:

Fibrosis [experimental skin fibrosis (Mori e al., 1999), scleroderma
(Igarashi et al., 1996), systemic sclerosis (Igarashi et al., 1995), renal fibrosis
(Ito et al., 1998), pulmonary fibrosis (Sato ez al., 2000), liver fibrosis (Abou—Shady
et al., 2000; Paradis et al., 1999)]

Inflammatory bowel disease (Dammeier et al., 1998b)

Atherosclerosis (smooth muscle cells; Oemar e al., 1997)

Osteoarthritis (Omoto et al., 2004)

Tumors [endothelial cells in tumors (Shimo et al., 2001b), fibrous stromas in tumors
(Frazier and Grotendorst, 1997), chondrosarcomas (Shakunaga et al., 2000),
vascular tumors (Igarashi ez al., 1998), desmoplastic malignant melanoma
(Kubo et al., 1998), glioblastoma (Pan et al., 2002), pancreatic cancer
(Wenger et al., 1999), breast cancer (Kang ef al., 2003; Shimo et al., 2001b;

Xie et al., 2001)]
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Table 1.  (Continued)

In culture
In general: growing phase > quiescent phase
(Safadi et al., 2003; Shimo et al., 1998; Shimo et al., 2001b)
Chondrocytes: bi-phasic, becoming high again in the highly differentiated
state (Nakanishi et al., 1997)
Osteoblasts: bi-phasic, becoming high again in the highly differentiated state
(Safadi et al., 2003)

Typical cells, tissues, and organs that express CCN2 are listed.
+ + +: strong, ++: moderate, +: weak.

vertebral columns, which cells were destined to form calcified tissues (Takigawa
et al., 2003, Yamamai et al., 2005). Even in 3-week-old mice, hypertrophic
chondrocytes in the growth plate of long bones expressed CCN2 (Oka M
and Takigawa M, unpublished). Also in an in vitro study, CCN2 was highly
expressed in rabbit growth cartilage cells in culture but was little expressed
in cultured resting cartilage cells or osteoblastic cells (Nakanishi et al., 1997;
Takigawa et al., 2003) (Table 1). The expression of CCN2 increased during the
continuous culture after confluence of rabbit growth cartilage cells and peaked
in the hypertrophic phase (Nakanishi et al., 1997; Takigawa et al., 2003). These
findings agree with the results showing that its in vivo expression was predom-
inant in hypertrophic chondrocytes in growth plate cartilage, suggesting an
autocrine/paracrine action of CCN2.

In fact, endogenous overexpression of CCN2 in human chondrocytic HCS-
2/8 cells, achieved by using recombinant adenoviruses that generated CCN2
sense RNA (mRNA), resulted in enhanced cellular proliferation and expres-
sion of aggrecan and type X collagen (Nakanishi et al., 2000). Similarly, recom-
binant CCN2 (rCCN2) protein (20-50 ng/mL) promoted the proliferation of
HCS-2/8 cells and rabbit growth cartilage (RGC) cells in sparse and growing
cultures (Nakanishi et al., 2000). It also increased the proteoglycan synthesis
and gene expressions of aggrecan and collagen type I1, typical markers of chon-
drocyte maturation, in both types of cells in confluent cultures in which they
were maturing. Furthermore, the rCCN2 effectively stimulated the gene expres-
sion of collagen type X, a marker of chondrocyte hypertrophy, in RGC cells
in overconfluent cultures in which the cells were in the prehypertrophic stage
(Nakanishi et al., 2000). Moreover, the recombinant protein stimulated alka-
line phosphatase ALPase activity, a marker of calcification, and indeed induced
matrix calcification of RGC cells in culture (Nakanishi et al., 2000). Consider-
ing the high expression of CCN2 in hypertrophic chondrocytes, these results
indicate that CCN2 produced by hypertrophic chondrocytes promotes the
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proliferation and differentiation of growth cartilage cells toward endochon-
dral ossification (Takigawa et al., 2003) (Fig. 2).

Like rabbit growth cartilage (RGC) cells, rabbit articular cartilage (RAC)
cells transfected with recombinant adenoviruses generating mRNA for CCN2
synthesized more proteoglycan than the control cells (Nishida ez al., 2002).
Also, RAC cells treated with rCCN2 (20-50 ng/mL) showed increased syn-
thesis of DNA and proteoglycans. Although the rCCN2 stimulated the gene
expression of type II collagen and aggrecan core protein, which are markers
of chondrocyte maturation, in both RGC and RAC cells, the gene expression
of type X collagen, a marker of hypertrophic chondrocytes, was stimulated by
rCCN2 in RGC cells, but not in RAC cells (Nishida et al., 2002). Oppositely,
gene expression of tenascin-C, a marker of articular chondrocytes, was stim-
ulated by rCCN2 in RAC cells, but not in RGC cells (Nishida et al., 2002).
Moreover, rCCN2 effectively increased both ALPase activity and matrix cal-
cification of RGC cells, but not those of RAC cells (Nishida et al., 2002). These
results indicate that CCN2 promotes the proliferation and differentiation of
articular chondrocytes, but does not promote their hypertrophy or calcifica-
tion (Nishida ez al., 2002) (Fig. 2). The difference between the effects of CCN2
on RGC and RAC would be dependent on differences in the characteristics of
these 2 types of chondrocytes.

Another molecule of the CCN family, Cyr61, was also shown to act
on chondrocytes but seems to be related to early chondrogenesis (Wong
et al., 1997). The effective concentration ranges of its recombinant pro-
tein was 0.3-5pg/mL, one much higher than that of CCN2 (20-50ng/mL)
(Nakanishi et al., 2000).

2.1.2. The role of CCN2 in osteoblasts

Gene expression of CCN2 in osteoblasts in adult mice was minimal; but
it was also observed in osteoblasts in the primary spongiosa in embryonic
mice, although its level was lower than that in the hypertrophic chondrocytes
(Table 1 and Fig. 2). In addition, the expression of the factor was detected in
both ameloblasts and odontoblasts in the developing tooth germ (Table 1)
(Shimo et al., 2002; Takigawa et al., 2003, Yamaai et al., 2005). More-
over, rCCN2 promoted the proliferation of osteoblastic cell lines Saos-2 and
MC3T3E1 (Nishida ez al., 2000), and increased the mRNA expression of type |
collagen, alkaline phosphatase, osteopontin, and osteocalcin, as well as the
activity of alkaline phosphatase, in these cells (Nishida et al., 2000). It also
stimulated collagen synthesis in and matrix mineralization by MC3T3-El1 cells
(Nishida ez al., 2000). These findings indicate that osteoblasts are at least target
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cells for CCN2 and that in some cases CCN2 acts on osteoblasts in an autocrine
manner in addition to a paracrine manner (Fig. 2).

2.1.3. Involvement of CCN2 in endochondral ossification

At the final stage of endochondral ossification, calcifying cartilage is invaded
by blood vessels, which leads to the recruitment of perivascular osteoblast-
progenitor cells. Therefore, it is feasible that CCN2 would act on endothelial
cells in addition to chondrocytes and osteoblasts. In fact, as described in the
Section 2.2, CCN2 promoted migration, adhesion, and proliferation of vascu-
lar endothelial cells and their tube formation in vitro as well as angiogenesis
in vivo (Lau and Lam, 1999; Shimo et al., 2001a, b; Shimo et al., 1998; Shimo
et al., 1999). These findings, taken together with the high expression level of
CCN2 in hypertrophic chondrocytes in vivo, indicate that CCN2 is a novel,
paracrine regulator that promotes the entire process of endochondral ossi-
fication by stimulating the proliferation and differentiation of chondrocytes,
osteoblasts, and endothelial cells. Thus it may also be called “ecogenin” (Fig. 2).

The embryonic and neonatal growth of transgenic mice that overproduced
CCN2 under the control of the mouse type XI collagen promoter occurred
normally, but such animals showed dwarfism within a few months of birth.
X-ray analysis revealed that their bone density was decreased compared with
that of normal mice and that the femora in the hindlimbs in particular showed
an apparent low density (Nakanishi et al., 2001). These results indicate that
overexpression of CCN2 adversely affects certain steps of endochondral ossi-
fication, further supporting our hypothesis described above. In addition, the
stimulatory role of CCN2 in endochondral ossification shown by our in vitro
and in vivo studies was confirmed by the results of gene knockout experiments
in mice, which showed ccn2-deficient mice to display skeletal dysmorphisms
due to impaired endochondral ossification (Ivkovic et al., 2003).

2.1.4. Possible role of CCN2 in intramembranous ossification and
bone remodeling

Asmentioned above, CCN2 mRNA is minimally expressed in osteoblasts when
compared with its expression level in hypertrophic chondrocytes. However,
even in normal rats, osteoblasts and osteocytes in the alveolar bone adjacent
to the periodontal ligament express a moderate level of CCN2 (Yamashiro
et al., 2001). This may be due to a high level of bone-forming activity of these
cells in this area because of physiological tooth movement (Fig. 2; Table 1). In
fact, little or no expression was observed in osteocytes embedded deeper in the
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alveolar bone (Yamashiro et al., 2001). CCN2 was also shown to be expressed
in normal long bones during the period of growth or modeling (Safadi et al.,
2003). Moreover, CCN2 was over-expressed in osteopetrotic (op) rats, animals
which exhibit defects in osteoclast function, severely high bone density, and
up-regulation of bone matrix and mineralization-related genes (Xu et al., 2000).
This finding is consistent with the in vitro data mentioned above and suggests
some role for this factor in normal skeletal modeling/remodeling. The dramatic
over-expression in the op mutant skeleton may be secondary to the uncoupling
of bone resorption and bone formation, resulting in dysregulation of osteoblast
gene expression and function (Xu et al., 2000).

Interestingly, experimental tooth movement increased the expression of
CCN2 mRNA in osteocytes and osteoblasts around the periodontal ligament,
and intense expression of CCN2 extended to osteocytes situated deep in the
alveolar bone matrix apart from the periodontal ligament (Yamashiro et al.,
2001) (Fig. 2; Table 1). These findings suggest that osteoblasts activated by
certain stimuli also express CCN2 and that the expressed CCN2 may play
some roles in bone remodeling as well as in bone formation.

2.2. Role of CCN2 in Angiogenesis

Angiogenesis is an important biological process for development; tissue
growth, regeneration, and remodeling; and organ formation; as well as for
the growth of solid tumors. The central player in this process is the vascular
endothelial cell. Therefore, the role of CCN2 in vascular endothelial cells is
first described and then followed by that of physiological and pathological
angiogenesis.

2.2.1. Role of CCN2 in vascular endothelial cells

Although CCN2 had been originally identified in the conditioned medium
from HUVEC (Bradham et al., 1991), no detectable in vivo expression was
found in normal adult human arteries (Igarashi et al., 1996; Oemar and
Luscher, 1997; Oemar et al., 1997). However, the presence of CCN2 pro-
tein and/or mRNA was detected in endothelial cells during human embryonic
development (Surveyor et al., 1998; Wandji er al., 2000). This difference may
be due to the difference between rapidly growing embryos and adults; because
actively migrating and proliferating endothelial cells in culture, but not quies-
cent ones, were shown to express CCN2 (Shimo er al., 1998; Takigawa, 2003;
Yamaai et al., 1999). However, the expression of CCN2 mRNA in endothelial
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cells, even in mouse embryos, was lower than that in hypertrophic chondrocytes
(Takigawa, 2003; Yamaai et al., 1999) (Fig. 2).

Since suppression of endogenous expression of CCN2 in cultured endothe-
lial cells by the addition of antisense oligomer or by transfection with expres-
sion vectors that generated its antisense RNA markedly inhibited the abilities
of the cells to proliferate and migrate, CCN2 should be involved in the prolif-
eration and migration of the cells via an autocrine pathway (Shimo et al., 1998;
Takigawa, 2003). In fact, rCCN2 promoted the adhesion, proliferation, and
migration of vascular endothelial cells and induced tube formation by them
(Shimo et al., 1999; Takigawa, 2003) and recombinant mouse CTGF (Fisp12)
also stimulated endothelial cell adhesion and migration through integrin av3
and promoted endothelial cell survival (Babic ef al., 1999). These findings indi-
cate that endothelial cells are a target for CCN2.

The expression of CCN2 in endothelial cells was induced by wounding of
monolayer cultures (Shimo et al., 1998). Moreover, the expression was induced
by other angiogenic factors such as vascular endothelial cell integrin, av33
growth factor (VEGF), basic fibroblast growth factor (bFGF), and CCN2
itself (Shimo et al., 2001b). These findings suggest that upregulation of CCN2
by angiogenic stimuli is a common phenomenon in endothelial cells. In other
words, CCN2 might be a common autocrine mediator of all angiogenesis fac-
tors. If this hypothesis proves to be correct, since CCN2 is involved in phys-
iological and pathological angiogenesis (described in the Sections 2.2.2 and
2.2.3), CCN2 would be a very important therapeutic target for the regenera-
tion of vascular systems and the treatment of angiogenic diseases.

2.2.2. Role of CCN2 in physiological angiogenesis

In ovo application of rCCN2 to the chicken chorioallantoic membrane resulted
in a gross angiogenic response, and rCCN2 injected along with collagen gel into
the back of mice induced strong angiogenesis (Shimo et al., 1999; Takigawa,
2003). It also induced neovascularization in rat corneal micropocket implants
(Babic et al., 1999). Moreover, impaired angiogenesis at the final stage of endo-
chondral ossification was also observed in CCN2-deficient mice. These find-
ings, in conjunction with the in vitro data described above, indicate that CCN2
is a potent angiogenesis factor.

In contrast, Inoki er al. (2002) reported recently that recombinant CCN2
and the thrombospondin type-1 repeat domain of CCN2 inhibited VEGF165-
induced angiogenesis by forming a complex with VEGF165 (Fig. 1), although
they also showed that their recombinant CCN2 itself had a weak angiogenic
activity. However, since the angiogenic activity of CCN2 has been confirmed by
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several groups, the relation between CCN2 and VEGF should be investigated
in more detail.

Similar angiogenic activity was reported for CCN1 (Lau and Lam, 1999).
However, although CCNI1-deficient mice were shown to be embryonic lethal
due to failure of angiogenesis during placental development (Mo et al., 2002),
CCN2-deficient mice were reported to show only diminished angiogenesis in
growth plates (Ivkovic et al., 2003). The mechanism underlying the effect on
angiogenesis between CCN1 and CCN2 may be different and should be inves-
tigated in greater detail.

2.2.3. Role of CCN2 in pathological angiogenesis

With respect to pathogenic processes, endothelial cells of atherosclerotic
blood vessels expressed CCN2 (Oemar and Luscher, 1997; Oemar et al.,
1997). Moreover, human breast cancer (MDA231) cells, which express a
high level of CCN2 mRNA and secrete much CCN2 protein, showed a
high level of neovascularization when xenografted in nude mice; whereas
human squamous cell carcinoma cells (A431), which express a low level of
CCN2 mRNA and secrete little CCN2 protein, showed a low level of neo-
vascularization (Shimo er al., 2001b). Furthermore, CCN2 also increased
the expression by MDA231 cells of a number of metalloproteinases, which
are involved in endothelial cell invasion (Kondo er al., 2002). These find-
ings indicate that CCN2 is a novel, potent autocrine/paracrine factor that
functions in multi-stages in tumor angiogenesis. Hypoxic induction of angio-
genesis by human breast cancer cells (MDA-231) can be ascribed at least
in part to CCN2 (Shimo et al, 2001a; Shimo et al., 2001b). A role for
CCN2 in tumor angiogenesis is also suggested in glioblastomas (Pan et al.,
2002).

2.3. Possible Roles of CCN2 in the Growth of Other Tissues

After midgestation, major producers of CCN2 are fibroblasts in addition to
chondrocytes, endothelial cells, and osteoblasts. In addition, fibroblasts are a
major interstitial component of various organs. Therefore, the role of CCN2
in fibroblasts are mentioned first followed by that of embryonic development.
The role of CCN2 in tumor growth is also discussed.

2.3.1. The role of CCN2 in fibroblasts

In in vitro studies, CCN2 was reported to be both mitogenic and chemotac-
tic for fibroblast-like cells (Brigstock et al., 1997; Frazier et al., 1996) and
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its mitogenic action to be synergized by other growth factors and heparin
(Brigstock et al., 1997; Frazier et al., 1996; Jin et al., 2004; Kireeva et al., 1997).
It was also reported that CCN2 directly stimulated adhesion of fibroblasts,
and this adhesion-promoting effect was proposed to be mediated by integrins
(Chen et al., 2001; Kireeva et al., 1997) (Fig. 1). With respect to biochemi-
cal phenomena, CCN2 also stimulated the production of extracellular matrix
components such as collagens and fibronectin, and of integrin o5 (Dammeier
et al., 1998b; Frazier et al., 1996; Murphy et al., 1999; Riser and Cortes, 2001;
Riser et al., 2000; Twigg et al., 2002). These findings indicate that fibroblasts
are target cells for CCN2.

Concerning gene expression and localization of CCN2, there have been
many reports on overexpression of CCN2 in fibrotic skin disorders and in
fibrotic lesions of various organs and tissues including the lung, kidney, liver,
cardiovascular system, pancreas, lens, bowel, and gingiva, as well as in the
stroma of various tumors (Takigawa, 2003); but few reports have appeared on
its expression in fibroblasts or fibroblast-like cells in the physiological state.
These findings strongly suggest the pathological significance of CCN2 in these
fibrotic disorders (Leask et al., 2002), which is described in other chapters in
detail. The involvement of CCN2 in fibrosis is in line with the fact that CCN2
is highly expressed during the wound healing process (Igarashi et al., 1993),
which is described in Section 3.5.

2.3.2. Possible roles of CCN2 in embryonic development and growth

During normal development of the mouse embryo (E17), gene expression was
also observed in the brain and kidney, although the level was much lower
than that in the hypertrophic zone of various cartilages (Takigawa et al., 2003;
Yamaai, 2005) (Table 1). In addition, CCN2 gene expression was detected
during tooth development (Yamaai et al., 2005); and neutralizing antibody
against CCN2 inhibited the proliferation and differentiation of epithelium
and mesenchymal cells and delayed the cytodifferentiation of ameloblasts
and odontoblasts in tooth germ explants (Shimo er al., 2002). These findings
suggest the role of CCN2 in the growth and development of these organs.

In earlier mouse embryos, CCN2 protein was detectable in various organ
systems and tissues including in mesenchymal and epithelial cells in them
(Kireeva et al., 1997; Surveyor and Brigstock, 1999; Surveyor et al., 1998).
Moreover, in pregnancy, CCN2 protein was detected in both the uterus and
embryo (Surveyor and Brigstock, 1999; Surveyor et al., 1998). Therefore, these
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findings suggest that during prenatal life, especially before midgestation, var-
ious types of cells produce CCN2 in a specific temporospacial pattern and
support a role for CCN2 in cellular differentiation and development.

2.3.3. CCN?2 and tumor growth

CCN2 has been shown to be overexpressed in various types of malignant
tumors such as chondrosarcoma (Shakunaga et al., 2000), vascular tumors
(Igarashi et al., 1998), desmoplastic malignant melanoma (Kubo et al., 1998),
pancreatic cancer (Wenger et al., 1999), glioblastoma (Pan et al., 2002), breast
cancer (Kang et al., 2003; Shimo et al., 2001b; Xie et al., 2001), and to be sig-
nificantly correlated with the prognosis in particular types of tumors (Kubo
et al., 1998; Shakunaga et al., 2000; Wenger et al., 1999; Xie et al., 2001).
However, the role of CCN2 in malignancy is quite controversial. For exam-
ple, expression of CCN2 gene in chondroma is higher than that in chon-
drosarcoma, although there is a correlation between the expression level of
CCN2 and tumor grade of chondrosarcomas (Shakunaga et al., 2000). It is
noteworthy that the tumors listed in Table 1 have something to do with the
expression and function of CCN2 that we have mentioned in this chapter.
CCN2 is expressed in chondrocytes, vascular endothelial cells and neural tis-
sues and overexpressed in chondrosarcoma (Shakunaga et al., 2000), vascu-
lar tumors (Igarashi et al., 1998) and glioblastoma (Kubo et al., 1998). The
melanoma (Kubo ef al., 1998) and pancreatic cancer (Wenger et al., 1999)
reported are also fibrous types. The breast cancer is known to be metastatic
to bone (Kang et al., 2003). Therefore, the overexpression of CCN2 in these
tumors might be only a secondary outcome after tumorigenesis. Moreover,
forced overexpression of CCN2 causes apoptosis (Hishikawa et al., 1999a, b),
growth suppression (Moritani et al., 2003b), and benign conversion (Moritani
etal.,2003b) in several types of malignant tumors. Because hypertrophic chon-
drocytes, which show the highest expression of CCN2 in the physiological
state, are fated for death, forced overexpression may cause growth arrest or
apoptosis. Although further investigation is required to determine the exact
role of CCN2 in tumorigenesis, it is unlikely that CCN2 is an oncogenic
protein.

3. ROLES OF CCN2 IN TISSUE REGENERATION

Wound healing is defined as a kind of “tissue regeneration” and is believed
to occur by reproducing normal developmental processes. In an early study,
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CCN2 was shown to be expressed in dermal fibroblasts and endothelial cells
during wound healing of the skin (Igarashi ez al., 1993). However, concerning
the role of CCN2 in fibroblasts, much attention has been paid to the patho-
logical state such as fibrosis, which is believed to be due to over- and persist
expression of CCN2. In contrast, skeletal tissues such as bone and cartilage,
which are rich in matrix, have been targets for investigating the role of CCN2
in tissue regeneration.

Expression and production of CCN2 by cultured cells are generally higher
in the sparse, growing phase than in the confluent, quiescent phase (Shimo
etal.,2001b) (Table 1). For example, as described above, actively migrating and
proliferating endothelial cells, but not quiescent ones, express CCN2 (Shimo
et al., 1998). Even chondrocytic cells express a higher level of CCN2 in sparse
cultures than in confluent ones (Takigawa et al., 2003), but gene expression
of CCN2 goes up again after the cells reach confluence, at which time they
differentiate to the hypertrophic state (Nakanishi et al., 1997) (Table 1). A
similar bi-phasic change was also found in osteoblasts in culture (Safadi ez al.,
2003) (Table 1).

As such, the high-level expression of CCN2 in rapidly growing and remod-
eling tissues in vivo and in activated cells in culture strongly suggests that CCN2
is an autocrine factor for tissue regeneration.

3.1. Possible Role of CCN2 in Bone Regeneration

During fracture healing, both endochondral and intramembranous ossifi-
cation processes occur. During fracture healing in a mouse rib model, the
expression of CCN2 mRNA revealed by Northern blot analysis significantly
increased on day 2 of fracture healing, reaching its peak on day 8, and then
declined. CCN2 mRNA and protein were remarkably detected especially in
hypertrophic chondrocytes and in proliferating chondrocytes in the regions
of regenerating cartilage on days 8 and 14 after the fracture (Nakata et al.,
2002), suggesting that proliferating chondrocytes can also express CCN2 in
rapidly regenerating cartilage. CCN2 mRNA was also expressed in prolif-
erating periosteal cells in the vicinity of the fracture sites on days 2 and 8§,
and in cells in the fibrous tissue around the callus on day 8 (Nakata et al.,
2002) (Table 1). CCN2 was also detected in active osteoblasts in the regions
of intramembranous ossification (Nakata et al., 2002) and in cells in fibrous
tissue, in vascular endothelial cells in the callus, and in periosteal cells around
the fracture sites, thus suggesting the involvement of CCN2 in the regeneration
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of chondrocytes, osteoblasts, and endothelial cells from precursor cells or mes-
enchymal stem cells.

CCN2 is also involved in alveolar bone regeneration after tooth extrac-
tion (Kanyama et al., 2003). At the early healing stage after tooth extraction,
CCN2 was expressed strongly in the residual periodontal ligament and in the
endothelial cells and undifferentiated fibroblast-like cells, possibly mesenchy-
mal stem cells, migrating into the granulation tissue at the bottom of the sockets
(Table 1). At a later stage, osteoblast-like cells proliferated in the sockets, which
showed low CCN2 expression. These findings suggest that CCN2 produced by
residual periodontal cells, endothelial cells and undifferentiated mesenchymal
cells, acts as an autocrine/paracrine factor in the sockets, causing the mesenchy-
mal cells to differentiate into osteoblasts or the recruitment of osteoblasts from
bone, which then replace the granulation tissue with bone.

To clarify the role of CCN2 in tissue regeneration of bone, we also inves-
tigated the localization and expression of CCN2 during distraction osteoge-
nesis, which is a bone regeneration therapy to expand bone length (Kadota
et al., 2003). We performed osteotomy in the midshaft of the right femur
and then started the distraction. After a 7-day lag phase, the distraction
was done for 21 days (distraction phase) by using a small external fixator;
and it was followed by a 7-day consolidation phase. Immunostaining showed
the localization of CCN2 in various cells located in the bone-forming area
around the osteotomy site. During the distraction phase, in sifu hybridization
showed that CCN2 mRNA was expressed not only in hypertrophic chondro-
cytes and osteoblasts but also in fibroblast-like cells and mesenchymal cells in
sites of endochondral ossification, and not only in osteoblasts but also in pre-
osteoblasts and fibroblasts-like cells in sites of intramembranous ossification.
RT-PCR revealed a higher level of CCN2 mRNA expression in the distracted
group than in the non-distracted group. These results suggest that CCN2 is
involved in not only endochondral but also intramembranous ossification and
plays important roles in regeneration of bone during distraction osteogenesis
(Fig. 2).

The role of CCN2 in bone regeneration via intramembranous ossification
was also reported, in which in vivo delivery of rCCN2 into the femoral marrow
cavity induced osteogenesis in an animal model (Safadi ez al., 2003).

In addition to that in mammalians, gene expression of CCN2 was also
found during regeneration of the newt limb (Cash er al, 1998). The gene
was expressed in hypertrophic chondrocytes in the restored cartilaginous
skeleton.
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3.2. Role of CCN2 in Regeneration of Articular Cartilage

CCN2 is normally not expressed in articular cartilage cells of adult rodents,
although its weak expression is observed in these cells in growing, young ani-
mals (Nawachi et al., 2002). However, even in adult rodents, quantitative real-
time reverse-transcription polymerase chain reaction (RT-PCR) assays showed
a significant increase in the level of CCN2 mRNA in the monoiodoacetic acid
(MIA)-induced OA model (Nishida ez al., 2004). Immunohistochemical anal-
ysis and in situ hybridization revealed that the clustered chondrocytes, in which
case clustering indicates an attempt to repair the damaged cartilage, produced
CCN2 (Nishida et al., 2004). Similarily, gene expression and localization of
CCN2 was observed in human osteoarthritic cartilage (Omoto et al., 2004).
Therefore, CCN2 was suspected to play critical roles in cartilage regeneration.
In fact, rCCN2 incorporated in gelatin hydrogel and injected as a single dose
into the joint cavity of MIA-induced OA model rats repaired their articular
cartilage to the extent that it became histologically similar to normal articu-
lar cartilage (Nishida et al., 2004). When rCCN2-hydrogel-collagen complex
was implanted into the defects on the surface of articular cartilage in situ,
new cartilage filled the defect 4 weeks postoperatively, whereas only soft tissue
repair occurred when the PBS-hydrogel-collagen was implanted (Nishida ez al.,
2004) (Fig. 3). These findings suggest the utility of CCN2 in the regeneration
of articular cartilage.

3.3. Effect of CCN2 on Bone Marrow-Derived Mesenchymal
Stem Cells

To investigate whether rCCN2 could stimulate chondrogenic cell differentia-
tion or not, we cultured bone marrow-derived stem cells (MSCs) for 14 days
in a-MEM with or without 30 or 50 ng/mL of rCCN2 (Nishida et al., 2004).
The cultures were thereafter processed for histochemical detection of cartilage
matrix by using toludine blue staining. Some cartilage matrix was present in
control cultures and in 30 ng/mL rCCN2-treated cultures of MSCs, but a much
larger amount of it was detected in 50 ng/mL rCCN2-treated ones. In addition,
to clarify the role of CCN2 in the chondrocytic differentiation of MSCs, we
used Northern blot analysis to investigate the effect of rCCN2 on the mRNA
expression of type Il collagen and aggrecan in cultured MSCs. Chondrogenesis,
as represented by the expression of type I1 collagen and aggrecan mRNAs, was
clearly induced in MSCs treated with 50 ng/mL rCCN2. These findings suggest
that CCN2 can induce chondrogenic differentiation of mouse bone marrow-
MSCs (Nishida et al., 2004) (Fig. 2).
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Fig. 3. Gross appearance of the CCN2- (A) and PBS- (B) hydrogel-collagen-treated articular
cartilage 4 weeks after the operation. A defect, 2 mm in diameter and penetrating the subchondral
bone plate, was prepared on the patellar groove of the femur with a microdrill. One microgram
of rCCN2 that had been incorporated into gelatin hydrogel contained in a collagen sponge was
lyophilized and implanted into the defect. Then, the patella was repositioned, and the medial
aspect of the capsule was closed with a nylon suture. By 4 weeks after the operation, the rCCN2-
treated defect (A) was filled with cartilage, the surface of which was smooth; and the reparative
tissue consisted of hyaline cartilage-like cartilage (Nishida er al., 2004). The PBS-treated defect
remained filled with soft tissue which appears in dark (B) (Nishida et al., 2004). Allows indicate
the positions of defects made with a microdrill.

It is a well-known fact that MSCs can differentiate into osteoblasts,
myoblasts, and adipocytes, as well as into chondrocytes (Fig. 2). The findings
described in the Section 3.1 on bone regeneration also indicate a possible role
of CCN2 in the differentiation of MSCs into osteoblasts and chondrocytes.
The cbfal gene encodes a well-known transcription factor that directs mes-
enchymal stem cells to differentiate into osteoblasts (Komori et al., 1997) and
is also important in endochondral ossification (Enomoto et al., 2000; Inada,
1999). The expression of chfal was detected from the zone of proliferating
chondrocytes to the calcification zone (Enomoto et al., 2000; Inada, 1999).
Whole-mount in situ hybridization using E17 cbfal-null mice revealed that the
expression of CCN2 in the phalanges of the embryonic forepaws was com-
pletely undetectable (Takigawa et al., 2003; Yamaai et al., 2005). Also by in situ
hybridization using tissue sections, the expression of CCN2 in ribs and cervi-
cal vertebrae found in normal embryos was undetectable in chfal-null embryos
(Takigawa et al., 2003; Yamaai et al., 2005). These findings suggest that CCN2
may be a downstream regulator of chbfal in chondrocytic differentiation and
osteoblastic differentiation of mesenchymal stem cells during embryonic devel-
opment (Fig. 2).

However, so far there is no report on the role of CCN2 in differentiation
of MSCs into adipocytes or myoblasts. Concerning myogenic differentiation,
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inhibition of CCN2 expression resulted in decreased differentiation of human
rhabdomyosarcoma cells (Croci et al., 2004). Therefore, it would be interest-
ing to investigate whether CCN2 determines the direction of differentiation of
MSCs or promotes the differentiation of MSCs who have already been com-
mited to a given direction.

3.4. Possible Role of CCN2 in Regeneration of Vascular Tissues

As described in Section 2.2, CCN2 is not only a paracrine but also an autocrine
angiogenesis factor that is expressed in activated, but not quiescent, endothelial
cells in vivo (Table 1; Fig. 2). In fact, the expression of CCN2 in endothelial cells
was induced by wounding of monolayer cultures of endothelial cells (Shimo
etal., 1998) and by other angiogenic factors such as VEGF, bFGF, and CCN2
itself (Shimo er al., 2001b), and suggesting that upregulation of CCN2 by
angiogenic stimuli is a common phenomenon in endothelial cells. Therefore,
as mentioned before CCN2 might be a common autocrine mediator of all
angiogenesis factors. If this hypothesis proves to be correct, CCN2 would be a
very important therapeutic target for the regeneration of vascular systems in
addition to being useful for the treatment of angiogenic diseases.

Since CCN2 can bind to an artificial slow-releaser gelatin hydrogel, which
can be made to assume any shape, its strong angiogenic activity may be applied
to tissue regeneration, especially to tissue engineering of the vascular system.

3.5. Possible Role of CCN2 in Regeneration of Other Tissues

CCNa2 is expressed in fibroblasts or fibroblast-like cells during wound healing
of the skin (Igarashi et al., 1993) and cornea (Blalock et al., 2003). Therefore,
considering the biological actions of CCN2 described in Section 2.3.1, the
roles of CCN2 in wound healing may be summarized as follow: First of all,
fibroblast-derived CCN2 stimulates the migration of fibroblasts to the injured
tissue. Then, it mediates the adhesion of these cells to settle them at the defect
site and initiates tissue regeneration by increasing the proliferation of the cells
to provide an adequate number of them. Finally, CCN2 promotes the deposi-
tion of extracellular matrix (ECM) components to repair the tissue defect. So,
all of the activities of CCN2 just described contribute to the regeneration of the
injured tissues. In addition, as mentioned in Section 2.2, CCN2 is capable of
inducing angiogenesis, which is essential for most tissues. Therefore, it is clear
that CCN2 is a key player involved in the wound-healing cascade in connective
tissues.
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However, control of its gene expression is very important for proper regen-
eration. If up-regulated expression of CCN2 is appropriately terminated, nor-
mal wound healing would occur. In contrast, if the overexpression continues,
it would cause fibrosis and scaring. No disease in skeletal tissues with continu-
ous overexpression of CCN2 has been reported, although there is a report that
ccn2 transgenic mice in which ccn2 was forced to be overexpressed in cartilage
have skeletal disorders (Nakanishi et al., 2001). Presumably, unless this gene
is dramatically overexpressed, nothing would happen in these tissues in which
the high level of ECM synthesis occurs in the normal state.

In addition, CCN2 is also suggested to be involved in repair of the intestinal
mucosa (Dammeier er al., 1998b) and in in vitro wound healing of renal epithe-
lium cells (Pawar et al., 1995). Therefore, CCN2 may be important for regen-
eration of not only connective tissues but also other tissues as well, although
the latter have been little investigated.

3.6. Platelet-Derived CCN2 May Be a Trigger for
Tissue Regeneration

In many tissues/organs, blood clotting is the first step of wound healing after
an injury. Since CCN2 is induced in and produced by undifferentiated mes-
enchymal cells, probably including mesenchymal stem cells, which migrate into
the defect, it may play the role as an autocrine/paracrine regeneration factor
throughout the process of wound healing. However, at the initial step, CCN2
may be supplied by blood clots, because CCN2 was recently found to be abun-
dant in platelets and to be released from activated platelets (Cicha et al., 2004;
Kubota et al., 2004). The CCN2 released from platelets may be important
for the initiation of proliferation, migration, and adhesion of undifferentiated
mesenchymal cells, maybe including stem cells, to regenerate wounded tissues.

4. MOLECULAR REGULATION OF CCN2 FOR
DRIVING THE PROPER GROWTH AND
REGENERATION OF TISSUES

Almost all organs except avascular tissues such as cartilage comprise a mixture
of cell types, and regeneration thus requires the coordinated growth of various
tissue components. As described above, CCN2 is an important regeneration
factor at least for the connective tissues. Therefore, if, due to elevated expres-
sion of CCN2, the regeneration rate of connective tissue framework becomes
higher than that of the parenchymal cells in organs such as liver, kidney and
lung, disturbance of the regeneration of parenchymal cells may occur, as seen in
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liver cirrhosis. CCN2 is a multi-functional growth factor that potentiates either
growth or differentiation of several types of mesenchymal cells, but its expres-
sion in vivo is normally low. However, the expression in certain tissues is upreg-
ulated during development and cytodifferentiation and is induced in certain
pathological states. Therefore, it is very important to understand the molecular
regulatory mechanism of action and gene expression of CCN2, and then to
control them for establishment of a successful strategy for tissue regeneration.

4.1. Multiple Mechanisms for Multiple Actions
4.1.1. Cell-surface receptors

Since CCN2 is considered to be a growth factor, a number of efforts have been
made to identify its specific receptor(s) that transduces the signal from CCN2 to
intracellular messengers. In general, extracellular signals from typical growth
factors, such as epidermal growth factor (EGF) and PDGF, are transmitted
through kinase-type receptors. In fact, a 280-kDa receptor (CSP240)-ligand
complex, which was first found on chondrocytes (Nishida et al., 1998) (Fig. 4),
was phosphorylated upon CCN2 stimulation of osteoblastic cells (Nishida
et al., 2000). Therefore, it is likely that major signals by CCN2 are mediated by
this type of receptor. However, albeit a few candidates have been nominated
(Nawachi et al., 2002), so far no distinct kinase-type receptor specific for CCN2
has been identified yet.

Because of the multiple functionality of CCN2, it is also reasonable for this
factor to use multiple types of receptors, probably through differential inter-
actions with its 4 modules. Apart from kinase-type receptors, several other
cell-surface molecules have been found to interact with CCN2 (Fig. 4). The
low-density lipoprotein receptor-related protein (LRP-1), which is a quite large
member of an ancient family of endocytic receptors, was revealed to be one
such molecule (Segarini er al., 2001). LRP-1 is known to bind to a vari-
ety of biologically diverse ligands to exert multiple functions. In particular,
phosphatidylinositol-3 kinase-mediated phosphorylation of a tyrosine residue
in LRP-1 was reported to be induced by PDGF (Herz and Strickland, 2001).
Moreover, the finding that CCN2 may be internalized by endocytosis further
suggests an active role for LRP-1 in CCN2 function (Wahab et al., 2001a). In
addition to LRP-1, another family member LRP-6, which is a coreceptor for
Wnt, was also found to interact with CCN2, which resulted in modulation of
Wnt signaling in Xenopus (Mercurio et al., 2004).

Finally, the best-characterized cell-surface CCN2 counterparts are
integrins (Fig. 4). Integrins an B2, o681 and aqpp B3 were reported to mediate
the cell adhesion of monocytes, fibroblasts, and platelets, respectively, caused
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Fig. 4. Molecular mechanism of CCN2 action. CCN2 is induced by various stimuli such as
growth factors, wounding, mechanical stress and hypoxia. Produced CCN2 is released from cells
and binds to ECM, and thus may act in a matricrine manner. The CCN may also bind to other
growth factors and modify their activity. Various types of receptor candidates and receptor-like
molecules such as 240-kDa cell surface protein (CSP240), LRPs, and integrins are reported. Inte-
grins are believed to be involved in the cell adhesion activity of CCN2. Some intracellular signal
transduction pathways have been uncovered; i.e. P38 and ERK mediate differentiation and pro-
liferation of chondrocytes, respectively. Intracrine action of CCN2 is also suggested in some cases
such as hypertrophic chondrocytes and certain types of tumor cells. ECM: extracellular matrix,
MMPs: matrix metalloproteinases, HS: heparan sulfate proteoglycans.

by CCN2 (Jedsadayanmata et al., 1999; Schober et al., 2002); whereas oy 83 was
shown to be involved in CCN2-induced angiogenesis (Babic et al., 1999; Chen
et al., 2001) and adhesion of hepatic stellete cells (Gao and Brigstock, 2004).
Therefore, integrins may be important partners of CCN2 in the processes of
tissue growth and regeneration. Furthermore, the interaction between CCN2
and integrin agB; actually activates intracellular phosphorylation signaling
cascades, which obviously supports significant portions of the diverse CCN2
functions.

4.1.2. Signal transduction cascades

Downstream of the multiple cell-surface ligand-receptor interactions follows
the activation of multiple signal transduction pathways. To date, analysis of
CCN2-induced phosphorylation signaling cascades has been mainly carried
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out by using chondrocytes. As described in Section 2.1.1, CCN2 promotes
both proliferation and differentiation of chondrocytes (Nakanishi et al., 2000;
Nishida et al., 2002). According to recent reports, these apparently contradic-
tory effects of CCN2 are enabled by the differential use of intracellular second
messengers. The major mediators of the promotion of chondrocytic differen-
tiation were found to be protein kinase C (PKC) and p38 mitogen-activated
kinase (p38MAPK), whereas extracellular regulated kinases (ERK) promote
cell proliferation without the positive contribution of PKC (Yosimichi e al.,
2001; Yoshimichi et al., 2005) (Fig. 4). Also, the results of a quite recent inves-
tigation suggested that other secondary messengers may not be disregarded
in accounting for the entire intracellular signaling process provoked by CCN2
(Yosimichi et al., 2005). It should be noted that the situation indicated above
has been proven in chondrocytes only. What is happening in CCN2-stimulated
fibroblasts, vascular endothelial cells and other CCN2 target cells still remain
to be clarified.

4.1.3. Extracellular counterparts

All of the 4 modules that comprise CCN2 are highly interactive with a variety
of other molecules, which provides a firm basis for CCN2’s ability to have mul-
tiple functions. Among the extracellular counterparts known today, growth
factors are particularly of note, since the biological outcome yielded by CCN2
should be considered to be the net effects together with the functional modula-
tion of such counterparts through direct interactions. Indeed, direct interaction
of CCN2 with TGF-8 was found to enhance the ligand-receptor interaction,
in which the VWC module acted as the interface (Abreu et al., 2002) (Figs. 1
and 4). Contrarily, it was also reported that CCN2 inhibited the strong angio-
genic effects of VEGF through direct binding, which was mediated by the VWC
and TSP modules of CCN2 (Inoki ez al., 2002) (Figs. 1 and 4); although CCN2
itself possesses angiogenic activities (Babic ez al., 1999; Shimo et al., 1999; Lau
and Lam, 1999; Takigawa, 2003). Negative regulation by the CCN2 direct bind-
ing was described in the case of BMP-4 as well (Abreu et al., 2002), in which
case the interaction was also mediated by the VWC module (Figs. 1 and 4). As
clearly represented in its terminology, the IGFBP module is believed to play
a central role in the direct interaction between CCN2 and IGFs, although the
affinity between the two was shown to be quite low (Brigstock, 2003) (Figs. 1
and 4).

CCN2 is a matrix-associated extracellular molecule. In this regard, the
association of CCN2 with ECM was indicated to depend on the CT
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module (Kubota et al., 2001). Since the CT module directly binds to hep-
arin, the involvement of heparan sulfate proteoglycans as CCN2-associated
molecules in CCN2 actions has been suggested. Recently, we found that
heparan sulfate proteoglycans were critically required for CCN2 to exert
its function in growth plate chondrocytes (Nishida er al, 2003) (Figs. 1
and 4). Enzymatic removal of heparan sulfate proteoglycans from chondro-
cytes resulted in the loss of their responsiveness to stimulation by CCN2
to promote total proteoglycan synthesis and aggrecan gene expression.
Moreover, among a number of distinct proteoglycans therein, we could
specify perlecan as a key molecule that mediates CCN2 function as a
co-receptor. Perlecan directly interacted with CCN2, and the distribution
of perlecan in differentiating chondrocytic populations was quite similar
to that of CCN2 binding sites. Considered together with the malforma-
tion of the growth plate observed in prelecan gene KO mice (Arikawa-—
Hirasawa et al., 1999), these findings indicate the critical roles of perlecan
in endochondral ossification as an extracellular functional counterpart
of CCN2.

4.1.4. Intracellular CCN2 and its molecular counterparts

In addition to the classical roles of CCN2 as an extracellular messenger, the
intracellular distribution and possible functions of CCN2 have been recently
indicated (Fig. 4). Generally 2 pathways are available for proteins to be
inside the plasma membrane. Nascent proteins may be sequestered by cer-
tain molecules after translation, while extracellular proteins can be taken up
by endocytosis. In the case of CCN2, both pathways are suggested to be used.
CCN2 overexpressed in monkey kidney Cos-7 cells did not undergo efficient
secretion (Kubota et al., 2000a), whereas extracellular CCN2 was taken up
by mesangial fibroblasts (Wahab et al., 2001a). In light of these findings, the
direct binding of cytoskeletal actin to CCN2 (Yosimichi et al., 2002) and the
functional property of LRP-1 as a endocytotic key molecule are particular of
interest.

The cell biological effects caused by intracellular CCN2 were also described
previously. Overexpressed CCN2 was found to negatively modulate the cell
cycle of Cos-7 cells (Kubota et al., 2000a), which is consistent with the findings
that CCN2 is accumulated in terminally-differentiated hypertrophic chondro-
cytes in vivo (Moritani et al., 2003a); and overexpressed CCN2 induced apopto-
sis (Hishikawa et al., 1999a) and attenuated growth of cancer-derived cell lines
(Moritani et al., 2003b), as was also observed in the case of CCN3 (Gupta
etal., 2001) (Fig. 4).
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4.1.5. Processing of CCN2 and the role of its subfragments

Post-translational processing is one of the common regulatory systems for
proteins with critical functions. It is widely known that a number of proteases
and hormones are produced primarily as inactive pro-forms that require spe-
cific proteolysis in order for them to become active. Interestingly, involvement
of such restricted proteolysis is also suggested in the case of CCN2. In early
studies, the presence and functional significance of C-terminal fragments of
CCN2 were already indicated. A CT module-containing processed fragment
of 10-13 kDa was reported to be mitogenic for fibroblasts (Steffen ez al., 1998),
and ECM-associated in chondrocytes (Kubota et al., 2001). In contrast, little
is known with regard to N-terminal processed fragments, except for the forma-
tion of such a fragment in CCN2-overexpressing mesangial cells (Wahab et al.,
2001b). However, the accumulation of such an N-terminal CCN2 fragment
in the vitreous of patients of proliferative diabetic retinopathy was recently
uncovered (Hinton et al., 2004). This discovery not only suggests the patho-
logical roles of the N-terminal CCN2 fragment in a particular disease, but
also represents the utility of the fragment as a diagnostic tool (Kawaki et al.,
2003). Although precise functions of the processed CCN2 fragments are cur-
rently unclear, a significant portion of the multiple functions of CCN2 can be
specifically assigned to these processed submolecules, which are “activated” or
“inactivated” by specific endopeptidases.

In light of the existence of these subfragments, one of the next questions is
what cleaves CCN2. According to a previous report, matrix metalloproteinases
(MMPs) were capable of cleaving CCN2 at particular sites to yield subfrag-
ments (Hashimoto et al., 2002) (Fig. 4). Considering the collaborative roles of
MMPs and CCN2 in ECM remodeling, multiple molecular interplay between
them is highly suspected.

4.2. Extracellular Factors that Regulate
CCN2 Gene Expression

4.2.1. Hormones, cytokines, and other small molecules

Currently, several growth factors and cytokines, such as VEGF, bFGF,
endothelin-1, TGF-8 and even CCN2 itself, are known to modulate ccn2
expression, a significant part of which information was obtained by recently-
established genome-wide transcriptome analysis technology (Grotendorst
et al., 1996; Shimo et al., 2001b; Xu et al., 2004) (Fig. 4). Among those fac-
tors, the best-known upstream regulator of ccn2 is TGF-8. Indeed, CCN2 was
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described as an immediate-early gene that was induced by TGF-g in early stud-
ies. Consistent with this initial proposal, a number of reports have described
the involvement of TGF-g in the induction of ccn2 gene expression in different
types of cells and tissues (Eguchi et al., 2001; Igarashi et al., 1993; Kikuchi et al.,
1995). It is widely recognized that both TGF-g and CCN2 stimulate certain
cells to deposit ECM components; hence CCN2 is considered to act directly on
cells to accelerate ECM deposition in an autocrine/paracrine manner, under
the control of TGF-g (Igarashi ef al., 1993).

Effects of inflammatory cytokines on ccn2 expression are also of note. It was
revealed that tumor necrosis factor-o (TNF-«), a quite common inflammatory
cytokine, altered ccn2 gene expression. That is, TNF-« repressed ccn2 gene
expression in skin fibroblasts, smooth muscle cells, and vascular endothelial
cells (Abraham et al., 2000; Lin et al., 1998). CCN2 is required in the last
phase of inflammation, which is, in other words, wound healing. Therefore,
while TNF-« is actively promoting inflammation, ccn2 expression may be still
suppressed by this cytokine, awaiting the command to end the inflammatory
events.

Steroid hormones comprise a major group of hormones that interact with
intracellular receptors. Among them, glucocorticoids are also potent stimula-
tors of ccn2 expression at physiological doses. This effect was first described
for fibroblasts (Dammeier et al., 1998a). Recently, we found that dexametha-
sone strongly induced ccn2 gene expression in chondrocytic cells as well.
Moreover, it also promoted the maturation of chondrocytes at the same dose
(Kubota et al., 2003). Since the anti-inflammatory doses are far higher than
those at which ccn2 expression is induced, we may well discriminate this effect
from the anti-inflammatory action of the hormone. At present, therefore, glu-
cocorticoid ought to be regarded as one of the physiologic regulators in fibrous
and cartilaginous tissues.

Not only hormones and cytokines, but also other local extracellular mes-
sengers and a variety of natural and artificial products are involved in the
modulation of the ccn2 gene expression. One of the autacoids, prostaglandin
F2a, was found to drastically upregulate ccn2 gene expression in a human
embryonic kidney cell line (Liang et al., 2003). In contrast, nitric oxide (NO)
was reported to act as a negative regulator of ccn2 expression (Keil ef al., 2002).

Effects of several artificial molecules on ccn2 gene expression have been
evaluated. The statins, which are 3-hydroxy-3-methyl glutaryl coenzyme A
(HMG-CoA) reductase inhibitors and reduce de novo cholesterol synthesis,
were shown to be an inducer of ccn2 (Heusinger—Ribeiro et al., 2004). Statins
also act as osteogenic agents by interfering with isoprenylation of signaling
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molecules, which may account for such effects of statins on ccn2. A well-known
and widely-used antioxidant, «-tocophenol, was described as an inducer of
CCN2 in human smooth muscle cells as well (Villacorta et al., 2003). Some of
these molecules or their antagonists are already being applied clinically, and
are promising candidates for CCN2-mediated regenerative therapeutics.

4.2.2. Hypoxic and mechanical types of stress

Under a stress load, specific groups of genes are induced to improve the intra-
cellular and extracellular conditions of the stress-bearing region. In general,
solid tumors undergo hypoxia along with tumor growth, which condition stim-
ulates the tumor cells to produce angiogenic factors to obtain new blood ves-
sels for fulfillment of their oxygen demand. When we exposed certain cell lines
derived from solid tumors to hypoxia, both ccn2 gene expression and CCN2
secretion were enhanced (Kondo et al., 2002; Shimo et al., 2001a) (Fig. 4). An
increased mRNA level was distinctly observed relatively early after the begin-
ning of hypoxic exposure, and then the effect subsided after 12 h. The observed
increase in the steady-state mRNA level was realized by a post-transcriptional
alteration causing stabilization of the ccn2 mRNA. After this effect had sub-
sided, post-translational control of CCN2 production supported the induction
of CCN2 production during prolonged hypoxic exposure instead. Without
an increase in the mRNA level, the cells continued to secrete more CCN2
molecules by releasing those stored, even after 72 h of continuous hypoxic
exposure. The mechanism underlying the enhancement of CCN2 secretion is
not clear; however, it is considered as a matricrine action mediated by certain
proteases that degrade the ECM. In fact, hypoxic induction of certain MMPs
was also described. It should also be noted that hypoxic induction of CCN2
was reported to occur in primary bovine chondrocytes (Grimshaw and Mason,
2001).

A mechanical load is another stressor that can provoke ccn2 expression
(Fig. 4). According to previous studies, tension loading of fibroblasts con-
ferred reversible induction of ccn2 (Schild and Trueb, 2004). Also, osteoblasts
and osteocytes were found to express ccn2 upon mechanical stress loads dur-
ing experimental tooth movement (Yamashiro et al., 2001). Such effects of
mechanical stress on ccn2 have been observed in chondrocytes under cyclic
tensile strain as well. The signaling pathway from mechanical stress to ccn2
gene is not exactly clear, except for the fact that a certain phosphorylation
cascade is involved therein. Regarding this issue, it is also noteworthy that
modification of the actin cytoskeleton strongly alters ccn2 expression through
Rho family signaling pathways (Ott et al., 2003).
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4.3. Genetic Elements and Their Intracellular Counterparts
Controlling CCN2 Gene Expression

4.3.1. Enhancers, silencers, and transcriptional factors

The regulatory mechanism of the ccn2 gene among the CCN family of genes

has been relatively well characterized. To date, several cis-elements for the
transcription control of ccn2 have been described (Fig. 1). These elements are
clustered within a 500-bp area upstream of the transcription initiation site.
The most classical one is the basal control element 1 (BCE-1)/TGF-8 response
element (TbRE). BCE-1/TbRE was shown to be responsible for the basal pro-
moter activity in mesangial cells, TGF-8 responsiveness in fibroblasts, and
endothelin-1 responsiveness in lung fibroblasts (Chen et al., 2002; Grotendorst
etal., 1996). We also confirmed that BCE-1/TbRE also plays certain roles in the
regulation of ccn2 gene expression in chondrocytic cells. However, we found a
more critical cis-regulatory element for the expression control in chondrocytes
(Eguchi et al., 2001). This element, designated TRENDIC, which stands for
a transcriptional enhancer dominant in chondrocytes, is located upstream of
BCE-1/TbRE (Eguchi et al., 2002) (Fig. 1). In most types of cells, TRENDIC
enhances the gene expression, but the enhancing intensity is higher in chondro-
cytic cells. Between these 2 enhancers, a DNA segment with a Smad-binding
consensus sequence (SBE) can be found. We confirmed that certain nuclear
proteins bind specifically to SBE as well as to BCE-1/TbRE and TRENDIC.
Also, the results of a recent study revealed that not only BCE-1/TbRE but
also SBE played a role in supporting TGF-8 responsiveness in mesangial cells
(Chen et al., 2002). Furthermore, apart from these juxtaposing enhancers, a
tandem repeat of the TEF1-binding consensus sequence in the promoter area
was recently investigated as well. Interestingly, this element was found to medi-
ate the ccn2 gene induction by TGF-8 stimulation, despite its distinct identity
from BCE-1/TbRE and SBE. Since TGF-8 utilizes several distinct signal trans-
duction pathways, involvement of different enhancers in its target gene might
be plausible.

Characterization of most transcription factors that bind to the cis-elements
mentioned above seems to be currently underway. At least, a functional con-
tribution of Smads to the promoter activity has already been confirmed (Chen
etal.,2002). Association of AP-1 with the ccn2 promoter segment was also indi-
cated, albeit little information is available as to its binding target (Moritani
et al., 2003a) Contrarily, although a putative Sp-1-binding element can be
found adjacent to the TATA box, this element appears to have no functional
significance (Chen et al., 2002).
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The intracellular secondary messengers to transduce extracellular sig-
nals to ccn2 are also under investigation. At present, Rho family members,
MEK/ERK, and PKC have been shown to be involved in ccn2 regulation (Ott
etal.,2003; Xuetal.,2004). However, owing to the diversity of ccn2-modulating
molecules, involvement of a vast number of signal transduction pathways is
anticipated, and it may be quite difficult to summarize the entire events in a
single illustration.

4.3.2. post-transcriptional regulatory elements and their
mechanism of action

The ccn2 mRNAs are characterized by their long 3’-untranslated regions
(UTRs) (Fig. 4). It is widely recognized that 3’-UTRs of a variety of mRNAs
contain critical genetic elements to determine the fate of their own mRNAs.
When the nucleotide sequences of the 3’-UTRs in ccn2 genes were com-
pared among human, mouse, and chicken species, mutual homology was not
high. However, surprisingly, when the 3’-UTRs were linked to the 3’-end of a
reporter mRNA, all of them from different species remarkably repressed the
reporter gene expression at similar levels (Kondo et al., 2000; Kubota et al.,
1999; Mukudai et al., 2003). Such functional conservation without structural
conservation indicates crucial roles of the 3’-UTR for the regulation of ccn2
gene expression among vertebrates. It should be noted that regulatory ele-
ments with different structures require different cell biological backgrounds
to confer similar functionality. Indeed, the 3’-UTR of chicken ccn2 displays
strong cis-repressive effects on gene expression in chicken cells, whereas it
shows absolutely no repressive effects in a monkey cell line. Similarly, human
ccn2 3'-UTR acts as a potential repressive element, not in chicken cells, but
in human and monkey cells. Subsequent studies to locate the critical post-
transcriptional regulatory elements in the 3’-UTRs from different species have
revealed several distinct elements therein (Mukudai et al., 2003). The first post-
transcriptional cis-element in the ccn2 3’-UTR was discovered in the human
mRNA (Kubota et al., 2000b). This element was originally located at the junc-
tion of the coding region and 3’-UTR and acted as a repressive element at
either the 5’ or 3’ end of a reporter mRNA, whereas it displayed no such
effect at the upstream of the promoter in a reporter construct. Moreover,
the basal repressive effect was found to be realized without a change in the
steady-state mRNA level. Therefore, this element is an RNA regulatory ele-
ment acting at post-transcriptional stages. Of importance, this 84-base RNA
driver of gene expression was observed to form a stable secondary structure,
and subsequent mutational analyses clearly demonstrated the requirement of
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the RNA secondary structure in its repressive function. Based on the findings
above, we designated this element as cis-acting element of structure-anchored
repression (CAESAR) (Kubota et al., 2000b) (Fig. 4).

Most recent studies suggest that the repressive effect of CAESAR may
depend on the binding of a specific protein. Therefore, under particular
conditions, the fate of CAESAR-containing ccn2 mRNA may be mod-
ulated via alteration in the interaction between CAESAR and its pro-
tein counterpart. In fact, our recent study indicated that the 3’-UTR of
chicken ccn2 mRNA differentially regulated the ccn2 expression at a post-
transcriptional stage in such a manner (Mukudai et al., 2005). However,
in contrast to the human ccn2, the location of the post-transcriptional ele-
ment was mapped in a small portion near the polyadenyl tail, represent-
ing the functional conservation without structural conservation. In the case
of murine ccn2, the CAESAR orthologue was identified at the same posi-
tion as in the human gene, which is consistent with closer evolutionary
distance between the two (Kondo er al., 2000; Kubota et al., 2000b). Iden-
tification and characterization of CAESAR-binding proteins will provide us
with more insight into the mechanism of the CAESAR-mediated gene regula-
tory system.

5. CONCLUSIONS AND OUTLOOK

In this chapter, we described CCN2 as a multifunctional growth/ differentiation
factor for fibroblasts, chondrocytes, osteoblasts, and vascular endothelial cells,
as well as for mesenchymal stem cells. Depending on the type of cell with which
it interacts, it promotes chemotaxis, migration, adhesion, proliferation, differ-
entiation and/or extracellular matrix formation. These cell/tissue specific func-
tions may be due to interaction with other molecules such as growth factors
and ECM components. Because of the very high expression of the CCN2 gene
in hypertrophic chondrocytes in the physiological state, a major physiological
role for CCN2 has been suggested to be the promotion of endochondral ossi-
fication. However, accumulating data that show its gene expression in various
other types of cells including undifferentiated mesenchymal cells during embry-
onic development and during would healing of bone, cartilage, and skin, as well
as its action on mesenchymal stem cells, indicate the involvement of CCN2 in
embryonic development and tissue regeneration. In fact, recombinant CCN2
regenerated damaged cartilage by acting on chondrocytes and bone marrow-
derived mesenchymal stem cells. From this point of view, CCN2 should be
thought of as a regeneration factor, which may be called “regenerin.”
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In the case of organs/tissues composed of parenchymal cells and a connec-
tive tissue framework, the balance between regeneration of parenchymal cells
and that of connective tissue framework is important for proper regeneration
of the organs/tissues. Although CCN2 is known to be involved in fibrotic disor-
ders and angiogenic diseases, these phenomena are characterized by overregen-
eration of connective tissue than that of parenchymal cells in the organs/tissues.
Therefore, even taking into consideration these pathological findings, CCN2
should be defined as a regeneration factor rather than a pathological factor,
although it should be controlled properly. Moreover, coordinate proliferation
and differentiation of mesenchymal cells and parenchymal/epithelial cells is
indispensable for proper development and growth of various organs/tissues.
In this point of view, controling the action of CCN2 and its gene expression
is critical for proper development and regeneration of these organs/tissues. As
described in this chapter, much progress in understanding the molecular reg-
ulation of CCN2 has been made recently, but even more is still required for
this purpose. The discovery of additional molecules that mediate, transduce
and modify the actions and signaling pathways of CCN2 and control its gene
expression will attract the interest of the scientific community at large as well
as be beneficial to applied medicine. The delivery of these molecules, or their
modifiers as well as CCN2 itself, would be therapeutically beneficial for the
promotion of properly controlled tissue regeneration as well as for preventing
pathological changes such as fibrotic disorders and diseases associated with
defective CCN2 if such exist.
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Known activities of CCN proteins in isolated cell systems can be attributed
to their interaction with integrin receptors, with cell surface heparan sulfate
proteoglycans (HSPGs) serving as coreceptors in some contexts. Recent stud-
ies have identified specific binding sites on CCN proteins for integrin ay 33
and the a¢B1-HSPG coreceptors, and mutations at these binding sites impair
activities mediated through their cognate receptors. These findings provide
compelling evidence that CCNs act through their binding to integrins and
HSPGs, and provide a strategy for dissecting their integrin-mediated func-
tions in vivo.

1. CCN PROTEINS ARE MATRICELLULAR
SIGNALING MOLECULES

CCN proteins are capable of mediating diverse cellular and biological func-
tions. In isolated cell systems, they regulate cell adhesion, migration, prolifer-
ation, survival, differentiation, and gene expression. In the organism, CCNs
function in angiogenesis and embryonic vascular development, as well as skele-
tal development and homeostasis. Recent studies suggest that the regulation of
angiogenesis and matrix remodeling by CCNs may underlie or contribute to
their roles in tissue repair and disease. Through what mechanism do they act
to regulate such a multitude of biological processes? Critical to understand-
ing how CCNs function mechanistically is the identification of the cell surface
receptors that transduce their signals and mediate their activities. Although
CCNs were once thought to act as growth factors, no classical growth factor
receptors have been identified for any of them to date.
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IGFBP vWC TSP CT
V2 T H1 H2

i1
(i

Peptide Sequence Receptor

V2 NCKHQCTCIDGAVGCIPLCP ovp3

T1 GQKCIVQTTSWSQCSKS 06p1

H1 KGKKCSKTKKSPEPVR 06p1 + HSPG
H2 FTYAGCSSVKKYRPKY 06p1 + HSPG
M2 SSVKKYRPKYCGS oMp2
A3(CCN2) IRTPKISKPIKFELSG ovp3

Fig. 1. Receptor bindingsites of CCN1. A schematic diagram represents the domain structure of
CCNs, showing the locations and sequences of the binding sites for various receptors as indicated.
All sequences are for CCN1 except A3, an ay 3 binding site in CCN2. See text for references.

Bornstein and colleagues first recognized a novel class of proteins char-
acterized by the presence of conserved domains from extracellular matrix
(ECM) proteins (Bornstein, 1995; Bornstein and Sage, 2002). These “matricel-
lular” proteins have features intermediate between growth factors, cytokines,
and ECM molecules, such that they regulate diverse cellular functions with-
out serving as structural components of the ECM. Archetypical examples
of matricellular proteins include thrombospondins, SPARC, and osteopon-
tin. CCNs can be considered matricellular proteins for several reasons. First,
CCNs are ECM-associated proteins comprised of conserved domains from
ECM molecules including the von Willebrand factor type C repeat (VWC), the
thrombospondin type I repeat (TSP), and a C-terminus (CT) with similarity
to Slit and mucins (Bork, 1993; Fig. 1). Second, as discussed below, CCNs
are direct ligands of integrin receptors, which mediate ECM protein functions.
Third, the dynamic expression of CCNs makes them unlikely to serve in a
structural capacity, whereas their regulatory functions in modulating cell-cell
and cell-matrix interactions are consistent with those of matricellular proteins.
The recognition of CCNs as matricellular signaling molecules has provided a
conceptual framework in which testable hypotheses regarding their mechanism
of action can be developed (Lau and Lam, 1999).
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2. INTEGRINS AS BIDIRECTIONAL
SIGNALING RECEPTORS

Integrins form a widely distributed family of heterodimeric cell surface recep-
tors consisting of non-covalently linked @ and B subunits, both of which are
type I transmembrane proteins. The extracellular domains of both subunits
consist of large globular structures containing the ligand binding sites. A sin-
gle transmembrane domain is present in each subunit, followed by a short
cytoplasmic sequence. The non-random pairing of at least 18 « and 8 8 sub-
units constitutes 24 known integrin o8 heterodimers. Among the many ligands
of integrins are large adhesive proteins in the ECM or in the plasma (e.g. colla-
gen, fibronectin, laminin, thrombospondin, von Willebrand factor, fibrinogen
and vitronectin), reflecting their roles in cell adhesion and migration. Aside
from large structural ECM proteins, an increasing number of small matricel-
lular proteins, including CCNs, are found to regulate cellular functions through
interaction with integrins (Lau and Lam, 1999; Jain et al., 2002). The prototypic
integrin recognition sequence, Arg-Gly-Asp (RGD), is present in a number of
adhesive proteins (e.g. fibronectin, fibrinogen, vitronectin, and von Willebrand
factor), and RGD-containing peptides competitively inhibit ligand binding to
some integrins (reviewed in Ruoslahti, 1996). However, it should be noted that
not all integrins are RGD-sensitive and not all integrin ligands contain the
RGD sequence. In addition to cell adhesion and migration, ligation of integrins
to appropriate matrix proteins offers protection from apoptosis, and provides
a permissive context in which cell proliferation, migration, and differentia-
tion can occur. These cellular activities form the basis of integrin functions in
diverse biological processes, such as embryogenesis, angiogenesis, wound heal-
ing, immune response, and hemostasis (reviewed in Bouvard et al., 2001; Hood
and Cheresh, 2002; Bokel and Brown, 2002; Giancotti and Tarone, 2003).
Extensive studies over the last two decades have established integrins as
bidirectional signaling receptors capable of receiving and transducing envi-
ronmental cues, activating signaling cascades, and evoking diverse cellular
responses (reviewed in Hynes, 2002; Miranti and Brugge, 2002). Most inte-
grins are present in an inactive state on resting cells with a low ligand binding
affinity. Upon cellular activation (e.g. stimulation by growth factors or phorbol
esters), “inside-out” signaling induces a conformational change in the integrin
extracellular domain, converting it to a high affinity receptor for extracellular
ligands. Although the precise regulatory mechanism for this activation process
isnot known, signaling enzymes including phospholipase C, phosphatidylinos-
itol kinases, members of the Ras superfamily of GTPase (reviewed in Shattil,
1999; Xiong et al., 2003), and physical separation of the integrin cytoplasmic
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domains have been implicated in this integrin “inside-out” signaling (Kim
et al., 2003a). Following binding to extracellular ligands, integrins initiate
“outside-in” signaling processes that regulate myriad cellular functions, includ-
ing cytoskeletal reorganization and morphological changes, alteration of gene
expression, and activation of intracellular kinase cascades that converge with
growth factor receptor signaling (reviewed in Giancotti and Ruoslahti, 1999;
Miranti and Brugge, 2002; Schwartz and Ginsberg, 2002; Juliano, 2002). In
this regard, the Src-family kinases are rapidly activated upon integrin-ligand
interaction, resulting in the phosphorylation and activation of focal adhesion
kinase (FAK). These events lead to the activation of many downstream path-
ways, including: Ras/Raf/Erk, which regulate cell differentiation and prolif-
eration; PI3K/Akt, which promotes cell survival; and Rho/Rac/cdc42, which
control cytoskeletal changes that mediate cell adhesion and motility. Thus,
integrin “outside-in” signaling can act independently or converge with growth
factor receptor signaling to elicit synergistic activation of cell function.

3. ACTIVITIES OF CCNS AND RECEPTORS THAT
MEDIATE THEM

A number of CCN activities have been described in isolated cell systems, where
analysis of signaling receptors is most tractable. In most cases, these activities
can be attributed to the direct binding of CCNs to specific integrin recep-
tors. To date, purified CCN1 and CCN2 have been shown to bind at least
five distinct integrins, including agf1, oy B3, avBs, @ B3, and ap By (Kireeva
et al., 1998; Chen et al., 2000; Grzeszkiewicz et al., 2001; Jedsadayanmata
etal., 1999; Babic et al., 1999; Chen et al., 2001a; Schober et al., 2002; Leu et al.,
2003; Grzeszkiewicz et al., 2002; Gao and Brigstock, 2004; Table 1). CCN3
binds wgf1, ayvB3, ayPBs, as well as asB;, although its potential binding to
aqpB3 and ap B2 has not been tested (Lin et al., 2003; Lin et al., 2005; Ellis
et al., 2003). In each case, direct binding of the above integrins to CCNs has
been established by solid phase binding assays, and their functional roles in
mediating distinct CCN activities have been demonstrated by inhibition with

Table 1. Integrins shown to interact with
CCNs

Protein Integrin receptors

CCN1  aB1, avBs3, avPBs, a1pB3, oM B2
CCN2 B, avB3, avPs, aqpB3, oM B2
CCN3 agB1, avB3, ayPs, aspi
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specific integrin antagonists. In some contexts, cell surface heparan sulfate
proteoglycans (HSPGs) serve as coreceptors with integrins (Chen et al., 2000;
Chen et al., 2001a; Grzeszkiewicz et al., 2002; Schober et al., 2002; Gao and
Brigstock, 2004). The utilization of distinct integrins by CCNs is both cell
type- and context-dependent. For example, the expression and utilization of
ampB3 and oy By are specific for platelets and leukocytes, respectively. How-
ever, CCNI1 utilization of integrins in fibroblasts is function-dependent, and it
supports cell adhesion, induces cell migration, and promotes cell proliferation
through wgpB1, ay Bs, and ay B3, respectively (Grzeszkiewicz et al., 2001).

3.1. Cell Adhesion

Early observation showed that upon synthesis, CCN1 is secreted and associates
with the ECM and the cell surface, largely through interaction with HSPGs
(Yang and Lau, 1991). Likewise, secreted CCN2 is partitioned between the
culture medium and the ECM/cell surface (Kireeva et al., 1997). These studies
suggested that CCNs may modulate cell-matrix interaction. Indeed, CCN1,
CCN2, CCN3 and CCNS5 have been shown to support adhesion of myriad cell
types, including vascular endothelial cells and smooth muscle cells, fibroblasts,
platelets, monocytes, osteoblasts, lung epithelial cells, and hepatic stellate cells
(Kireeva et al., 1996; Kireeva et al., 1997; Jedsadayanmata et al., 1999; Kumar
etal., 1999; Chen et al., 2001a; Grzeszkiewicz et al., 2002; Schober et al., 2002;
Ellis et al., 2003; Gao and Brigstock, 2004; Table 2). The conclusion that cell
adhesion to CCNs occurs through integrins is supported by several lines of

Table 2. Summary of integrin receptors that mediate distinct CCN1 activities in
different cell types. ECs, endothelial cells; HSPGs, heparan sulfate proteoglycans; NA,
not applicable

Tubule
Adhesion  Migration  Proliferation  Survival formation

Fibroblasts agBl+ aypBs avpB3 NA
HSPGs

Unactivated agf1+ a6B1

ECs HSPGs

Activated ECs ayB3 ayf3 ayp3 avp3 avpB3

Smooth agB+ asf1+ NA

muscle cells HSPGs HSPGs

Platelets o1b83 NA NA NA

Monocytes am B2 NA
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evidence. First, adhesion to CCNss is divalent cation-dependent and enhanced
by Mn?*t, which activates integrins directly by binding to the extracellular
domain. Second, inhibitory monoclonal antibodies specific for the integrins in
question abolished cell adhesion to CCNs. Furthermore, even though CCNs
do not contain the RGD motif, CCN-supported cell adhesion is blocked by
RGD-containing peptides where RGD-sensitive integrins are involved. Third,
in solid phase binding assays, purified CCN proteins bind directly to the specific
integrins that mediate their function.

In fibroblasts and aortic smooth muscle cells, cell adhesion to CCNI1,
CCN2, and CCN3 is mediated through integrin wgf; with HSPGs as core-
ceptors (Chen et al., 2000; Chen et al., 2001a; Grzeszkiewicz et al., 2002; Lin
et al., 2004a). The requirement for HSPGs is established by the observation
that cell adhesion is obliterated upon either: i) saturation of the heparin bind-
ing site in CCNs with soluble heparin; ii) destruction of cell surface HSPGs
by heparinase or inhibition of proteoglycan sulfation; or iii) mutation of the
heparin binding sites (Chen et al., 2000). The agB1-HSPG coreceptors also
support the adhesion of unactivated human umbilical vein endothelial cells
(HUVECGs:) to CCNI1, whereas activated HUVECs adhere primarily through
ay B3 (Leu et al., 2002). Thus, CCN1 is an activation-dependent ligand of ay 83
and an activation-independent ligand of «¢81. In hepatic stellate cells, CCN2
supports adhesion through integrin oy 83 (Gao and Brigstock, 2004). In addi-
tion, peripheral blood monocytes and platelets also adhere to CCN proteins
in an activation-dependent manner through integrin ay 82 and oy, 83, respec-
tively (Jedsadayanmata et al., 1999; Schober et al., 2002).

3.2. Cell Signaling

Consistent with their adhesive functions through integrins, CCN proteins
induce adhesive signaling in cells adherent to them. Fibroblast adhesion to
CCNI1 or CCN2 occurs through og81-HSPGs, resulting in the formation of
agB1-containing focal adhesion complexes. Adherent cells spread and form
filopodia and lamellipodia, pseudopods that allow the cells to sense chemotac-
tic agents and to migrate. Concomitantly, outside-in integrin signaling results
in the activation of FAK, paxillin, Rac, and Erk1/Erk2, culminating in the
upregulation of matrix metalloproteinase (MMP)-1 and -3 (Chen et al., 2001a).
Alteration of gene expression is also observed in fibroblasts treated with soluble
CCNI1 (Chen et al., 2001b), which upregulates the expression of genes perti-
nent to processes in wound repair, including: i) angiogenesis and lymphogenesis
(VEGF-A and VEGF-C); ii) inflammation (interleukin-1g8); iii) extracellular
matrix remodeling (MMP-1, MMP-3, TIMP1, uPA, and PAI-1); and
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iv) cell-matrix interaction (integrin o3 and s subunits). CCN1 also downregu-
lates type 1 collagen o1 expression. Likewise, CCN2 has been shown to upreg-
ulate types I and III collagen, fibromodulin, and basic fibroblast growth factor,
and TIMP-1, -2, -3 and -4 in porcine fibroblasts (Wang et al., 2003). Addition-
ally, CCN2 causes an AP-2-dependent upregulation of MMP-2 in vascular
smooth muscle cells (Fan and Karnovsky, 2002). In human mesangial cells,
CCN2 induces a transient activation of the Erk1/2 and PI3K/Akt pathways
through «y 83, leading to upregulation of fibronectin and integrin « (Crean
et al., 2002). Together, these studies suggest that CCNs may exert their biolog-
ical function in cell proliferation and extracellular matrix remodeling through
induction of integrin outside-in signaling and regulation of gene expression.

3.3. Cell Migration

Purified CCN1, CCN2, and CCN3 stimulate the migration of fibroblasts,
vascular endothelial cells, vascular smooth muscle cells and mesangial cells
(Kireeva et al., 1996; Babic et al., 1998; Babic et al., 1999; Shimo et al., 1999;
Linetal.,2003; Crean et al., 2004), whereas overexpression of CCN4 and CCNS5
inhibits cell migration (Soon et al., 2003; Lake et al., 2003). Where examined,
CCNss function as chemotactic factors (inducing directional cell movement),
although CCN2 is both chemotactic and chemokinetic (inducing random cell
movement) in microvascular endothelial cells (Babic ef al., 1999). Whereas
ay B3 mediates the migration of vascular endothelial cells to CCN1, CCN2,
and CCN3, a5p is also involved in endothelial cell migration to CCN3 (Lin
etal.,2003). In contrast, CCNI1 stimulates fibroblast and vascular smooth mus-
cle cell migration through ay 85 and a¢81-HSPGs, respectively (Grzeszkiewicz
etal.,2001; Grzeszkiewicz et al., 2002). Migration of human mesangial cells to
CCN2 is inhibited by anti-r; and anti-f83 antibodies, suggesting the involve-
ment of both integrins 1 81 and «y B3 (Crean et al., 2002).

3.4. Cell Proliferation

Earlier studies of human CCN2 suggested that it may act as a mitogenic growth
factor (Bradham et al., 1991; Igarashi et al., 1996), although work on purified
mouse CCN2, mouse and human CCN1, and human CCN3 showed that these
proteins enhance DNA synthesis induced by mitogenic growth factors but are
unable to induce DNA synthesis on their own (Kireeva et al., 1996; Kireeva
et al., 1997; Kolesnikova and Lau, 1998; Leu et al., 2002; Lin et al., 2004a).
Recent studies show that human CCN2 also requires the presence of EGF
to induce DNA synthesis, having no mitogenic activity by itself (Grotendorst
et al., 2004). In fibroblasts and endothelial cells, CCNs act through oy 3 to
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promote growth factor-induced cell proliferation (Grzeszkiewicz et al., 2001;
Leu et al., 2002; Lin et al., 2005), consistent with their ability to induce
integrin-mediated signals that converge with growth factor receptor signal-
ing pathways. A truncated CCN1 mutant lacking the CT domain retains the
ability to enhance bFGF-induced DNA synthesis in human skin fibroblasts
(Grzeszkiewicz et al., 2001), whereas the C-terminal 16-20 kDa fragments of
CCN2 are unable to augment DNA synthesis in porcine fibroblasts (Wang
etal.,2003). These findings suggest the presence of an «y 83 binding site within
the first three domains of CCN proteins that is critical for enhancing DNA
synthesis (see Section 4.2 below).

3.5. Cell Survival

Cell adhesion to ECM molecules, through «, integrins in particular, can pro-
mote cell survival in many cell types via activation of the PI3K/Akt path-
way, whereas cells detached from their matrices are prone to death by anoikis
(reviewed in Frisch and Screaton, 2001; Frisch and Ruoslahti, 1997; Stupack
and Cheresh, 2002). Activated endothelial cells adhered to CCN1 or CCN2
through integrin «y 83 are protected from cell death upon growth factor with-
drawal (Babic et al., 1999; Leu et al., 2002). In contrast, adhesion of endothe-
lial cells to ECM proteins (e.g. laminin) through agB; results in a high rate of
apoptotic death when depleted of growth factors (Wary et al., 1996; Leu et al.,
2002). CCNI1 confers resistance to apoptosis in MCF-7 breast cancer cells
via upregulation of the anti-apoptotic protein XIAP in a NF-«B-dependent
manner (Lin ef al., 2004). Expression of CCNI1 in glioma cells activates the
PI3K/Akt pathway, resulting in phosphorylation and inhibition of Bad (Xie
et al., 2004). Likewise, CCN2 also activates the PI3K/Akt pathway in mesan-
gial cells through integrin ay B3 (Crean et al., 2002). CCN4 protects cancer
cells from p53-dependent apoptosis following DNA damage (Su et al., 2002).
In this context, CCN4 activates Akt and upregulates the anti-apoptotic pro-
tein Bcl-Xp. Thus, CCN proteins can promote cell survival in a variety of
cell types and conditions. Surprisingly, CCN2 has been reported to induce
or mediate apoptosis in MCF-7 breast cancer cells, vascular smooth muscle
cells, and human mesangial cells (Hishikawa et al., 1999b; Hishikawa et al.,
1999a; Hishikawa et al., 2001). In MCF-7 cells, CCN2 induces a reduction of
Bcl-2 expression without affecting Bax expression (Hishikawa er al., 1999b).
In addition, CCN1 expression has been associated with neuronal cell death
(Kim et al., 2003b). The receptor and signaling mechanism responsible for the
pro-apoptotic activity of CCNs are currently unknown. While it is apparent
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that CCNs have both pro- and anti-apoptotic activities, their roles in regulating
cell survival under various physiological conditions are still poorly understood.

3.6. Differentiation

Both CCN1 and CCN2 have been shown to promote cell differentiation in vitro.
In a collagen gel assay, CCN1 and CCN2 can induce vascular endothelial cell
differentiation into vessel-like tubular structures (Shimo et al., 1999; Leu et al.,
2002). In activated and unactivated HUVECs, CCN1 induces tubule formation
through ay 83 and a1, respectively, although a much higher concentration of
CCN1 is required in unactivated cells (Leu et al., 2002). CCN1 also induces
chondrogenic differentiation in mouse limb bud mesenchymal cells in micro-
mass culture, although the receptor requirement for this process has not been
examined (Wong et al., 1997). CCN2 promotes the proliferation and differenti-
ation of HCS-2/8 chondrocytic cells, and induces matrix calcification of rabbit
growth cartilage cells in culture (Nakanishi et al., 2000; Yosimichi et al., 2001).
Interestingly, CCN2 can be cross linked to a protein complex on HCS-2/8 cells
with a combined molecular size of integrin @ and B subunits (Nishida et al.,
1998); however, the identity of this putative CCN2 receptor on HCS-2/8 cells
remains to be defined.

3.7. Angiogenesis

CCNI1, CCN2, and CCN3 induce angiogenesis in vivo, as demonstrated by the
corneal micropocket implant assay (Babic et al., 1998; Babic et al., 1999; Lin
etal.,2003). In addition, CCN1 and CCN2 have been found to induce neovas-
cularization in the rabbit ischemic hind limb assay and the chick chorioallan-
toic membrane assay, respectively (Shimo ez al., 1999; Fataccioli et al., 2002).
Overexpression of CCNI1 in cancer cells enhances tumor growth and tumor
vascular density (Babic ef al., 1998; Menendez et al., 2003). Gene targeting
studies revealed defects in embryonic vessel formation in Cenl and Cen2 defi-
cient mice, thus establishing their biological roles in developmental angiogen-
esis (Mo et al., 2002; Ivkovic et al., 2003). CCNs exert their pro-angiogenic
activities in vascular endothelial cells largely through integrin receptors. In
activated endothelial cells, CCN1 supports adhesion, stimulates migration,
enhances DNA synthesis, promotes survival, and induces tubule formation,
all mediated through integrin ay 83 (Table 2: Leu et al., 2002). In unactivated
endothelial cells, CCN1-induced tubule formation is inhibited by the anti-ag
monoclonal antibody GoH3 and by the «o¢S81-binding T1 peptide (Leu et al.,
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2002; Leu et al., 2003). Likewise, CCN2 also supports microvascular endothe-
lial cell adhesion, stimulates migration, and promotes DNA synthesis through
integrin oy B3 (Babic ef al., 1999). CCN3 supports endothelial cell adhesion
through integrins o481, oy 83 and w581, and stimulates migration through inte-
grins oy B3 and a58; (Lin et al., 2003). Inasmuch as ay 83, ayBs, and B; inte-
grins have been shown to be involved in angiogenesis (reviewed in Hynes et al.,
2002), the proangiogenic activities of CCN proteins through integrin receptors
are consistent with established role of integrins in this process.

4. RECEPTOR BINDING SITES AND SPECIFIC
INTEGRIN-BINDING DEFECTIVE CCN1 MUTANTS

As summarized above, most, if not all, CCN activities in isolated cell systems
are mediated through integrins, which bind CCNs directly. Recent studies have
begun to identify binding sites for specific integrins in CCNs. Targeted muta-
genesis demonstrates that disruption of these sites impairs activities mediated
through the cognate integrin receptor specifically, providing compelling evi-
dence that these CCN activities are indeed mediated through direct interaction
with specific integrins.

4.1. Binding Sites for a¢f; and HSPGs

Integrin a6B1 and cell surface HSPGs act as coreceptors to mediate some
CCN functions. Two consensus glycosaminoglycan binding sequences have
been identified in the CT domain (Brigstock et al., 1997; Chen et al., 2000).
Substitution of the basic residues in these sequences with alanines abolished the
heparin binding activity in CCN1, confirming that these basic residues consti-
tute the heparin binding site (Chen et al., 2000). A novel binding site for a1,
T1 (GQKCIVQTTSWSQCSKYS), has been identified in the TSP domain of
CCNI (Leu et al., 2003; Fig. 1). Synthetic T1 peptide supports agS1-mediated
cell adhesion as an immobilized substrate and inhibits ag81-dependent cell
function as a soluble competitor. Further, T1 peptide-coupled matrix affinity
purifies ag 81 from an octylglucoside extract of fibroblasts, demonstrating that
T1 is a bona fide ag 81 binding site (Leu ez al., 2003). In addition, two other pep-
tides, H1 (KGKKCSKTKKSPEPVR) and H2 (FTYAGCSSVKKYRPKY),
in the CT domain of CCNI1 also support agfB1-HSPG-dependent cell adhe-
sion, which can be inhibited by the anti-ag monoclonal antibody GoH3, sol-
uble heparin, or heparinase treatment of cells (Leu et al., 2004). The H1 and
H2 sequences subsume the basic residues shown to be critical for heparin
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binding, suggesting that the sites for interaction with «gf8; and HSPGs in
these sequences are closely juxtaposed or overlapping.

Thus, three sites are involved in a681-HSPG interaction in CCN1: T1, H1,
and H2 (Fig. 1). However, these sites are functionally nonequivalent. Cells
adhered to T1 (binding only agB1) results in rapid and transient activation
of Erk1/Erk2, whereas cells adhered to H1 or H2 peptides (binding both a8
and HSPGs) induce prolonged activation of Erk1/Erk2, similar to CCNI1 (Leu
et al., 2004). To dissect their functions, each of these binding sites has been
mutated in the context of full-length CCN1. As described above, alanine sub-
stitutions of the basic residues in the consensus heparin binding sites abol-
ished heparin binding activity (Chen et al., 2000). Surprisingly, disruption of
the T1 sequence did not affect agB1-HSPG-mediated activities significantly,
indicating that T1 is not the primary binding site mediating these activities.
By contrast, disruption of H1 and H2 rendered CCNI1 largely inactive in
a6 B1-HSPG-mediated activities, and disruption of all these sites (T1, HI, and
H?2) completely abolished «g81-HSPG-dependent functions (Leu et al., 2004).
Importantly, all mutants affecting T1, H1/H2, or all three sites are fully active
in all ayB3-mediated pro-angiogenic activities. These findings show that the
mutants are biologically active and are deficient only in «g81-HSPG-specific
functions, and that oy 83-mediated pro-angiogenic activities are independent
of binding to heparin or agf;.

4.2. Binding Sites for Integrin ayf3

CCNs do not contain the RGD sequence motif recognized by some integrins,
including ay B83. Nevertheless, CCN1, CCN2, and CCN3 bind ay 83 directly as
demonstrated by solid phase binding assays (Kireeva et al., 1998; Lin et al.,
2003; Gao and Brigstock, 2004), and «yf83 can be affinity purified from a
CCNI1-coupled matrix (Kireeva et al., 1998). Analysis of the CT domain of
CCN2 identified a novel, non-canonical ay B3 binding site (IRTPKISKPIK-
FELSG) that supports adhesion of rat hepatic stellate cells (Gao and Brigstock,
2004). This sequence is not well conserved among CCNs, although sequences
of similar charge are found. A truncation mutant of CCNI1 lacking the CT
domain can enhance DNA synthesis through oy 83 (Grzeszkiewicz et al., 2001),
and CCNS5, which lacks the CT domain, competes with fibrinogen for binding
to ay B3 (Kumar et al., 1999). These findings suggest that other ay 83 binding
sites are present within the first three domains.

Recent studies uncovered another novel ayB3 binding site, V2 (NCK-
HQCTCIDGAVGCIPLCP), in the vVWC domain of CCN1 (Chen et al., 2004).
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The V2 sequence is well conserved in all CCNs except CCN6. Synthetic V2
peptide supports ayB3-mediated cell adhesion when immobilized, and in sol-
uble form inhibits endothelial cell adhesion to «y 83 ligands such as CCNI1,
CCN2, and CCN3 but not to collagen, a ligand of 1 integrins. An aspartate
is present in the recognition of many «y 83 ligands, and consistently, mutation
of the aspartate in V2 obliterated the ability of the peptide to support cell
adhesion (Chen et al., 2004).

A single a.a. substitution CCN1 mutant (D125A) defective in the V2 bind-
ing site for ay B3 has been constructed and analyzed (Chen et al., 2004). Inter-
estingly, as shown by direct solid phase binding assays, full-length D125A
CCNI1 mutant is defective in binding oy, 83 when it is in the soluble form,
whereas the immobilized protein exposes a cryptic site for interaction with
ay B3. Consistently, this D125A mutant shows impaired « 83-dependent activ-
ity when assayed in the soluble form (induction of endothelial cell migration
and enhancement of growth factor-induced DNA synthesis), but nevertheless
supports ay B3-dependent cell adhesion when immobilized. Again, this mutant
is fully active in mediating agB1-HSPG-dependent CCNI1 activities, showing
that the oy 83- and o 81-mediated activities can be dissociated.

4.3. Binding Site for Integrin o\,

Activated monocytes adhere to both CCN1 and CCN2 through the leukocyte-
specific integrin oy By (Schober er al., 2002). A binding site for ampBa
(SSVKKYRPKYCGS) has been identified in the CT domain of CCNI
(Schober et al., 2003; Fig. 1). Mutation of the basic residues in this sequence
in full-length CCNI1 did not abolish the ability to support monocyte adhesion
or binding to the integrin o ligand recognizing I domain, indicating that the
basic residues in this sequence are not critical for ey 82 binding (Schober et al.,
2002).

5. FUTURE QUESTIONS

Although a number of integrins have been identified to be signaling recep-
tors for CCNs, several major questions remain. First, the detailed signaling
pathways that emanate from CCN-integrin interactions have not been clearly
defined. A few of the intracellular signaling molecules activated through this
interaction have been identified, yet the signaling mechanisms that lead to var-
ious biological outcomes have not been fully delineated. In particular, what
distinguishes CCN signaling from that of other ligands that bind the same
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integrins, and thereby conferring biological specificity, is unknown. Elucidat-
ing these signaling mechanisms will be an important line of inquiry.

While CCN activities in isolated cell systems are demonstrably mediated
through integrins, the specific roles of CCN-integrin interaction in the organ-
ismal context, such as vascular and skeletal development, tissue repair, and
disease conditions are yet unestablished. It is likely that other mechanisms
also contribute to CCN functions in vivo. The recent identification of inte-
grin binding sites and construction of specific integrin binding-defective CCN
mutants will allow the physiological roles integrin- and non-integrin mediated
actions to be dissected in vivo using gene replacement or transgenic approaches
(Chen et al., 2004; Leu et al., 2004).

In addition to integrins and cell surface HSPGs, other cell surface binding
proteins have been observed to interact with CCNs. Thus, CCNs may modu-
late other signaling pathways by interacting with their components, although
how these interactions function and the biological responses they evoke are
still poorly understood. For example, CCN2 has been shown to interact with
the low density lipoprotein receptor related protein (LRP), which may mediate
the internalization and degradation of CCN2 (Segarini et al., 2001; Gao and
Brigstock, 2003). Both CCN1 and CCN2 can modulate Wnt signaling in Xeno-
pus, and in this context, CCN2 has been shown to interact with LRP-6, a core-
ceptor for Wnt (Latinkic ez al., 2003; Mercurio et al., 2004). CCN3 binds Notch
and inhibits myoblast differentiation through the Notch pathway (Sakamoto
et al., 2002). Understanding the biological functions of these interactions and
their mechanisms of actions will be a major challenge in future research.

Other mechanisms of CCN actions are still being explored. For example,
CCNis can interact with other growth factors or cytokines, and may modulate
their activities. CCN2 has been shown to bind BMP4 and TGF-81, thereby
inhibiting BMP4 and enhancing TGF-g1 activities (Abreu et al., 2002). Like-
wise, CCN2 also binds vascular endothelial growth factor and inhibits its
angiogenic activities in some assays (Inoki ez al., 2002). CCN1 has been shown
to mobilize fibroblast growth factor from the ECM, potentially enhancing the
bioavailability of this growth factor (Kolesnikova and Lau, 1998). How these
various mechanisms contribute to CCN functions physiologically remains to
be addressed.

Finally, the question of whether there are specific, high-affinity cell surface
receptors for CCNs that act in a manner similar to classical growth factor
receptors is yet unanswered. To date, no such receptor has been identified for
any CCN protein. Inasmuch as the activities of CCNs in isolated cell systems
can be attributed to actions through integrins and HSPGs, it is unclear whether
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such high affinity receptors for CCNs exist. Nevertheless, this possibility can-
not be excluded, and future analysis of CCN-induced signaling should help
illuminate this important issue.
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CHAPTER 4
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Odontogenesis is a complex, multi-stage and fundamental process that
involves epithelial-mesenchymal interactions, polarized growth, morphogen-
esis and differentiation of ameloblasts and odontoblasts. Studies have shown
that these complex developmental events require continuous and reiterative
action by signaling molecules at successive stages and multiple sites. How-
ever, the exact nature of these factors, the steps controlled by them, and the
means by which they exert their roles at multiple sites and times are not
fully known. Our recent work described here shows for the first time that
CCN2/connective tissue growth factor (CTGF), a member of the powerful
CCN effector family, is involved in, and regulates, odontogenesis. CCN2 is
first expressed at the onset of odontogenesis along with transforming growth
factor B1(TGF-B1) and bone morphogenetic proteins 2 and 4 (BMP-2 and
BMP-4), characterizes enamel knot and preameloblasts in conjunction with
Sonic hedgehog (SHH) at subsequent stages, and then persists in differentiating
and mature odontoblasts. CCN2 gene expression increases during differentia-
tion of dental precursor cells in culture, and exogenous BMPs stimulate CCN2
expression in tooth germs explants. Exogenous recombinant CCN2 (rCCN2)
stimulates proliferation in dental epithelium and mesenchyme. Interference
with CCN2 action by neutralizing antibodies, however, inhibits cell prolifer-
ation and ameloblast and odontoblast differentiation. The results show that
CCN2 is a powerful and developmentally controlled signaling molecules dur-
ing tooth development, and has previously unsuspected roles such as stim-
ulation of proliferation and promoting maturation in odontogenic cells. In
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this chapter, our previous studies are summarized and new data are pre-
sented. Taken together, our data demonstrate for the first time that CCN2
is expressed during, and regulates, odontogenesis. CCN2 expression is con-
fined to specific sites and times in the developing tooth germ, is regulated
by TGF-g and BMPs, and appears to be necessary for normal growth and
cytodifferentiation of ameloblasts and odontoblasts.

1. ODONTOGENESIS

Mammalian tooth development remains at the center of much research activ-
ity, owing to the importance of normal dentition and the several abnormalities
affecting it (Mina and Kollar, 1987; Lumsden, 1988; Maas and Bei, 1997; Peters
and Balling, 1999; Salazar-Ciudad and Jernvall, 2002; Lisi et al., 2003; Wu
et al., 2003). In mouse embryos, odontogenesis becomes appreciable around
Day 11 (E11) with formation of dental laminas along the oral epithelium.
Dental lamina cells located at prescribed locations proliferate, migrate and
invade the underlying neural crest-derived mesenchyme; in so doing, they
induce neighboring ectomesenchymal cells to undergo condensation, form-
ing a dental papilla. The resulting tooth buds advance to the cap stage during
which the cells at the tip of the invaginating and growing epithelium give rise to
the primary enamel knot. The enamel knot is a small round-shaped structure
made of a cluster of epithelial cells, protruding into the stellate reticulum and
representing the site of future cusp formation. It is a transient structure that
plays fundamental morphogenetic and signaling roles in tooth germ develop-
ment (Vaahtokari et al., 1996; Jernvall et al., 1998; Pispa et al., 1999; Coin
et al., 2000; Tucker et al., 2000; Matalova et al., 2004). Following the cap stage,
the tooth germs advance to the bell stage, which is characterized by asym-
metric growth and proliferation, a much more complex organization, and the
presence of well-defined major and minor epithelial cell populations, including
inner dental epithelium and stratum intermedium. Finally, during the crown
stage in neonatal and postnatal mice, inner dental epithelial cells differentiate
into ameloblasts and subadjacent mesenchymal cells differentiate into odon-
toblasts, which secrete enamel and dentin proteins, mineralize the extracellular
matrix, and lead to formation of mature teeth in the growing organism.
Clearly, odontogenesis is a complex process that involves sequential and
interdependent steps including: 1) commitment of progenitor oral epithelial
and mesenchymal cells to odontogenic lineages; i) active and polarized phases
of cell proliferation, cell migration and tissue invasion; iii) inductive events
between epithelial and mesenchymal cells; iv) morphogenetic movements and
tissue folding, such as those occurring from cap to bell stage; v) establishment
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of symmetrical structures such as molar cusps; and vi) cytodifferentiation of
highly specialized and unique cells, ameloblasts and odontoblasts, which are
responsible for the ultimate emergence of functional teeth. There have been
major advances during the last few years in clarifying how odontogenesis is
brought about during embryogenesis and early postnatal life, but we are far
from having a detailed and thorough understanding of this process.

1.1. CCN2 Expression during Odontogenesis

We first analyzed CCN2 gene expression and distribution during odontoge-
nesis of mouse embryonic and postnatal stages by in situ hybridization and
immunohistochemistry. Indeed, CCN2 transcripts were detected at the onset
of odontogenesis in thickening dental laminas of E11 embryos (Figs. 1A and
1B, arrows), an expression pattern closely resembling that of BMP-2 and BMP-
4 (Vainio et al., 1993; Aberg et al., 1997). At the bud stage in E12.5 embryos,
transcripts became more abundant and readily detectable in dental lamina

Fig.1. CCN2 expression and distribution in mouse embryo tooth germs. (A, B) CCN2 transcripts
in dental lamina (arrow). (C, D) Bud stage germs containing CCN2 transcripts (C) and protein
(D) in dental lamina (double arrowhead), invaginating epithelial cells (arrow) and condensed
mesenchyme (arrowhead). (E) Companion bud stage serial section reacted with preimmune IgGs
and lacking staining. (F, G) Cap stage germs exhibiting CCN2 transcripts in enamel knot (arrow)
and along perimeter of condensed mesenchyme (arrowhead) but lacking them in dental lamina
(double arrowhead). (H) Companion cap stage section with abundant Shh transcripts in enamel
knot. Bars in A and B, 150 um and in C-H, 75 um. (Shimo T, Wu C et al. (2002) Expression, gene
regulation, and roles of Fispl2/CTGF in developing tooth germs. Dev Dyn 224:267-278.)
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(Fig. 1C, double arrowhead) and invaginating epithelium and adjacent con-
densing mesenchyme (Fig. 1C, arrow and arrowhead, respectively). Immuno-
histochemistry showed that CCN2 distribution paralleled that of its mRNA at
these stages (Fig. 1D, arrow, arrowhead and double arrowhead). Pre-immune
antibodies produced no staining (Fig. 1E). In E14 cap stage tooth germs, CCN2
transcripts were now restricted to the enamel knot (Figs. 1F and 1G, arrow)
particularly near the underlying mesenchyme; the knot was identifiable by
its characteristic morphology and location (Fig. 1F, arrow) and expression
of Sonic hedgehog (SHH) (Fig. 1H, arrow) (Koyama er al., 1996; Vaahtokari
et al., 1996). CCN2 transcripts were also present along the outer rim of the
condensed mesenchyme (Figs. 1F and 1G, arrowhead), but were no longer
detectable in dental lamina (Figs. 1F and 1G, double arrowhead).

In E16 carly bell stage tooth germs, CCN2 expression was evident in
inner dental epithelium (Figs. 2A and 2B, arrow), lingual side of the outer
dental epithelium (Figs. 2A and 2B, double arrow) and outer rim of con-
densed mesenchyme (Figs. 2A and 2B, arrowhead). A sense probe produced
no hybridization signal (Fig. 2C). These expression patterns were maintained in
E18 bell stage tooth germs, where CCN2 transcripts were prominent in the sec-
ondary enamel knots (Figs. 2D and 2E, arrows) and very clear in inner dental
epithelium connecting the developing cusps (Figs. 2D and 2E, double arrow)
and outer dental epithelium/dental mesenchyme boundary (Figs. 2D and 2E,
double arrowhead). Immunohistochemistry revealed that CCN2 distribution
corresponded for the most part to that of its transcripts, with clear immunos-
taining in inner dental epithelium (Fig. 2F, double arrow) and along the outer
epithelial/mesenchymal boundary (Fig. 2F, double arrowhead). In addition,
there was reproducible staining of the mesenchyme immediately below the
epithelium (Fig. 2F, arrowhead).

Interestingly, in E19 late bell stage tooth germs, CCN2 gene expression
decreased in differentiating inner dental epithelial cells (Figs. 2G and 2H,
double arrow), and was maintained only in cuspally located preameloblasts
(Figs. 2G and 2H, arrow) that do not differentiate terminally and are eliminated
from the enamel organ by apoptosis (Sutcliffe and Owens, 1980; Vaahtokari
et al., 1991). Lack of detectable transcripts also characterized fully differenti-
ated ameloblasts in 2 day-old (D2) postnatal tooth germs (Figs. 2K and 2L,
double arrow) that instead displayed strong amelogenin expression (Fig. 2M)
(Snead et al., 1988). In both E19 and D2 tooth germs, CCN2 expression con-
tinued to be present in outer dental epithelium and dental follicle (Figs. 2G,
2H, 2K and 2L, arrowhead), particularly in the outer layer of the dental follicle
covering the base of the dental papilla (Figs. 21 and 2J, arrowheads) as well in
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Fig. 2. CCN2 gene expression and distribution in early bell to crown stage mouse tooth germs.
Sections from early bell (A—C), bell (D-F), late bell (G-J) and crown stages (K-M) were hybridized
with antisense (B, E, H, J and L) or sense (C) CCN2 riboprobes or with antisense amelogenin
riboprobe (M). (A, B) Inner dental epithelium (arrow), lingual side of outer dental epithelium (dou-
ble arrow) and periphery of condensed mesenchyme (arrowhead). (D, E) Secondary enamel knot
(arrow), intercuspal inner dental epithelium (double arrow), and outer epithelial-mesenchymal
boundary (double arrowhead). (F) Immunostaining is present in mesenchyme below the positive
epithelium. (G, H) CCN2 positive preameloblasts (arrow) and CCN2 negative preameloblasts
(double arrow). (I, J) CCN2 positive cells in dental follicle (arrowheads). (K, L) Dental lam-
ina (arrow), developing epithelial root sheath (arrowhead), ameloblasts (double arrow), odonto-
blasts (triple arrowhead) and osteoblasts (double arrowhead). Bars: A-C, 150 um; D-H and K-M,
250 um; and I-J, 30 um. (Shimo T, Wu C er al. (2002) Expression, gene regulation, and roles of
Fispl12/CTGF in developing tooth germs. Dev Dyn 224:267-278.)

developing epithelial root sheath (Figs. 2K and 2L, arrowhead). Lastly, we
observed fairly high hybridization signal in the involuting dental lamina and
alveolar bony crypts (Figs. 2K and 2L, arrow and double arrowhead) and per-
sistent expression in differentiating and mature odontoblasts (Figs. 2K and
2L, triple arrow).

To verify our interesting finding that CCN2 expression ceases in differen-
tiating ameloblasts but persists in differentiating and mature odontoblasts, we
examined postnatal teeth. As shown in Fig. 3, 4 day-old mouse incisor tooth
germs exhibited significant and clear CCN2 expression in differentiating and
secreting odontoblasts (Figs. 3A and 3B, arrows) but negligible expression in
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Fig. 3. CCN2 expression in postnatal odontoblasts. Note presence of abundant CCN2 (A and
B) and DSPP (C and D) transcripts in maturing odontoblasts (ob, arrows) and their absence in
ameloblasts (ab, arrowhead).

ameloblasts (Figs. 3A and 3B, arrowhead). The differentiated state of odonto-
blasts was affirmed morphologically as well as by strong expression of Dentin
Sialophosphoprotein (DSPP) (Figs. 3C and 3D, arrows).

1.2. Regulation of CCN2 Gene Expression during Odontogenesis

Expression and roles of several regulators of odontogenesis require epithelial-
mesenchymal interactions (Mina and Kollar, 1987; Thesleff and Sharp, 1997;
Wu et al., 2003). Thus, it became of relevance to ask whether such interac-
tions regulate CCN2 expression as well. This possibility was tested by tissue
recombination studies. Mandibular explants containing bud stage tooth germs
were isolated from Day 12 mouse embryos (E12) by microsurgical procedures.
After enzymatic treatment, one side of dental epithelium was removed from the
explant and was then grown in organ culture for up to 16-20 hrs in serum-free
culture medium. Whole mount in situ hybridization revealed that strong CCN2
gene expression was lost in mesenchyme grown without epithelium (Fig. 4D).

Because BMPs, TGF-Bs and other upstream molecules induce CCN2 gene
expression in a variety of cell types (Kothapalli ez al., 1997; Shimo et al., 1999;
Folger et al., 2001), we determined whether these signaling molecules regulate
CCN2 gene expression in dental epithelium. Accordingly, agarose or heparin
acrylic beads filled with recombinant BMP-4 were applied to the surface of E12
mandibular explants lacking dental epithelium, and explants were incubated
for 16-20 hrs. BMP-4 (Fig. 4A) induced strong CCN2 expression, whereas
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Fig.4. Analysis of CCN2 gene regulation. E12 mandibular explants with (C) and without epithe-
lium (A, B, and D) were maintained in organ culture for 16-20 hrs association with: (A) 100 ng/uL
BMP-4 filled bead; (B) 100 ng/uL BSA-filled control bead; and (C) 200 ng/uL Noggin filled beads.
Specimens were then processed for whole mount in situ hybridization analysis of CCN2 gene
expression.

control BSA beads containing no factor did not (Fig. 4B). BMP-2 could also
induce CCN2 expression, but much less than BMP-4 (data not shown).

To determine whether endogenous BMP signaling is needed for CCN2
expression, beads filled with the BMP antagonist Noggin were placed near the
incisor tooth germs on the right side of E12 mouse embryo mandibular explants
(Fig. 4C, arrow). Explants were processed for hybridization 20 hrs later. Obvi-
ous CCN2 expression was detectable in untreated tooth germs (Fig. 4C, arrow-
head) but not in Noggin-treated ones (Fig. 4C, arrow).

2. CCN2 AND DENTAL CELL PROLIFERATION

As CCN2 is expressed intensively in dental epithelium and mesenchyme of
growing tooth germs, one role of CCN2 may be to maintain and/or regu-
late proliferation of dental cell populations. To obtain direct evidence for such
role, we tested the mitogenic response of tooth germ cell populations in culture
to treatment with exogenous recombinant CCN2 (rCCN2). For these experi-
ments, we used epithelial and mesenchymal cell populations isolated from bell
stage molar bovine tooth germs. This is a unique experimental system that
we developed previously and that allows efficient dissection of primary cell
populations for in vitro studies. This is nearly impossible to do with murine
specimens, given their small size.

Cells were reared in primary monolayer multiwell cultures for 3 days and
then treated for 24 hrs with increasing amounts of rCCN2. Epithelial cultures
were pulse-labeled with BrdU during the last 2 hrs and incorporation was deter-
mined by a colorimetric assay. The rCCN2 treatment resulted in a stimulation
of proliferation (p < 0.05), which was maximal at 50-100 ng/mL (Fig. 5A).
Companion day 4 epithelial (Fig. 5B) and mesenchymal (Fig. 5C) cultures
were treated for 24 hrs with 50 ng/mL rCCN2 or with 50 ng/mL rCCN2 plus
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Fig. 5. Analysis of bell stage bovine tooth germs and cells. (A) Proliferative responses of epithe-
lial cells to increasing amounts of rCCN2. (B, C) Proliferative response of epithelial (B) and
mesenchymal cells (C) to treatment with rCCN2 alone or a mixture of rCCN2 plus its antibod-
ies. (D) Hematoxylin-eosin staining of tooth germ parasagittal section. (E) Immunohistochemical
detection of BrdU-labeled proliferation cells. Note their presence in stratum intermedium (si), inner
dental epithelium (ide) and dental mesenchyme (dm). (F) Immunostaining with CCN2 antibodies.
Note specific staining of inner dental epithelium, stratum intermedium and dental mesenchyme.
(G) In situ hybridization showing that CCN2 expression is limited to inner dental epithelium.
*p < 0.5; Bar, 50um. (Shimo T, Wu C er al. (2002) Expression, gene regulation, and roles of
Fispl12/CTGF in developing tooth germs. Dev Dyn 224:267-278.)

50 ng/mL of CCN2 neutralizing antibodies; parallel control cultures were left
untreated. All cultures were labeled with BrdU during the last 2 hrs. The CCN2
antibody treatment clearly reversed the stimulation of proliferation induced by
rCCN2 in both epithelial and mesenchymal cultures and brought it down to
control level (Figs. 5B and 5C).

To verify these data, we determined whether there is a correlation between
proliferating cells and CCN2 distribution in vivo at early cytodifferentia-
tion stages. Sections from bell stage bovine tooth germs (pre-labeled with
BrdU for 2 hrs) were processed for immunohistochemistry and histochemistry.
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Indeed, inner dental epithelium, stratum intermedium and adjacent dental
mesenchyme contained proliferating cells (Fig. SE) and sizable amounts of
CCN2 (Fig. 5F; see Fig. 2F for similar data in mouse). Interestingly, in situ
hybridization of companion sections revealed that CCN2 transcripts were
largely restricted to inner dental epithelium at this stage (Fig. 5G), indicat-
ing that some CCN?2 can diffuse away from its source into adjacent tissues and
exert effects (Shimo et al., 2002).

3. CCN2 AND DENTAL CELL DIFFERENTIATION

To determine whether CCN2 regulates dental cell differentiation at later stages,
we used primary cultures of epithelial and mesenchymal cells from bell stage
bovine tooth germs. These cells undergo a spontaneous process of differenti-
ation over time in culture (Fig. 6), as indicated by time-dependent increases
in RNAs encoding APase (Fig. 6A), type I collagen (Fig. 6B), and DSPP
(Fig. 6C). Similar day 3 cultures were treated with rCCN2 for different lengths
of time (1.5, 3.0 or 6 days). All cultures including untreated cultures were har-
vested simultaneously at the end of treatment period and processed for gene
expression analysis of markers of differentiation. rCCN2 treatment signifi-
cantly stimulated APase activity (Fig. 7A) and gene expression of APase and
type I collagen (Figs. 7B and 7C). The data strengthen the conclusion reached
with explant cultures that CCN2 favors progression of dental cells towards
differentiation.

Time (days)
g. 3, 8. 15 2
A . ¥ ¥ = | APase mRNA
B : COL1A1 mRNA
- 1. B | DsepmRNA

'.m 285 RNA
4 ' :
- 8 B | 185 RNA

Fig.6. Northern blot analysis of APase, type I collagen and DSPP expression in cultures of dental
mesenchymal cells. Note that expression of the genes increases with age, indicating progressive
advance of the cells toward differentiation.
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Fig. 7. Stimulatory effects of CCN2 on cultured cells. (A) APase activity in dental epithelial
cells isolated from bell stage bovine tooth germs and grown for indicated days with or without
exogenous rCCN2 (50 ng/mL). (B-D) Mesenchymal cells from the same tooth germs first grown
for 3 days and then treated for up to 6 days with rCCN2 (50 ng/mL). All cultures were harvested
simultaneously at end of treatment and process for gene expression analysis of APase (B) and
type I collagen (C).

4. CCN FAMILY IN DEVELOPING TOOTH GERMS

As described in an earlier chapter of this book, CCN2 is a member of the
CCN signaling and growth factor family of secreted proteins which currently
include six members. Recent studies have shown that the CCN family of genes
are co-expressed and have functions in developing organs (Brigstock, 2003;
Ivkovic et al., 2003; Takigawa, 2003; Perbal, 2004). Thus, it becomes interest-
ing to ask whether other CCN family members are expressed in developing
tooth germs. To begin exploring this possibility, we have completed a series of
in situ hybridization analyses of representative stages in wild-type mouse tooth
germs. Indeed, we found that both CCN1 and CCN3 are co-expressed in E13
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CCN2 CCN1

Fig. 8. CCNI1 and CCN3 expression in developing tooth germs and alveolar bone. E13 (A-D)
and E17 (E-H) mouse embryo tooth germs were processed for in sifu hybridization analysis of
expression of: (B and F) CCN2; (C and G) CCNI1; and (D and H) CCN3. The restricted and
specific expression of CCN2 contrasts with the diffuse non-descript expression of CCN1 and
CCN3 in dental epithelium (de), dental mesenchyme (dm), and inner dental epithelium (ide).
Note the presence of CCN1, CCN2 and CCN3 transcripts in differentiating osteoblasts (double
arrowhead).

and E17 tooth germs. While expression of these molecules was diffuse, non-
descript and fairly low (Fig. 8C and 8D) in E13 tooth germs, those transcripts
were markedly up-regulated and restricted to differentiating pre-odontoblasts
in E17 tooth germs (Fig. 8G and 8H). Based on overlapping expression patterns
in CCNs at multiple sites and stages during odontogenesis, it is conceivable
that these proteins may influence multiple events, including commitment of
dental cell lineage and odontogenic cell differentiation.

5. SUMMARY AND CONCLUSIONS

Our data provide evidence that CCN2 is initially expressed in dental lamina
cells and transiently shifts to mesenchyme during the bud stage, a pattern
closely resembling that reported for BMP-2 and BMP-4 (Aberg et al., 1997).
CCN2 expression then becomes a prominent feature of epithelial cells, with
obvious and strong expression in primary and secondary enamel knots and dif-
ferentiating inner dental epithelial cells; these patterns are reminiscent of those
of SHH we and others reported previously (Koyama et al., 1996; Vaahtokari
etal., 1996; Shimo et al., 2002; Wu et al., 2003). CCN2 expression is reduced in
terminally differentiated ameloblasts, but is maintained in differentiating and
mature odontoblasts. In addition, we show that 1) CCN2 expression is regu-
lated by epithelial-mesenchymal interactions and signaling by BMPs; ii) CCN2
stimulates dental cell proliferation and differentiation in culture while CCN2
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neutralizing antibodies inhibited both proliferation and differentiation; and
iii) CCN2 can diffuse away from its site of synthesis possibly reaching longer-
range targets. Taken together, the results of several studies and the additional
evidence presented here provide firm support for our central hypotheses that
1) CCN2 is required for progression and completion of odontogenesis; and
ii) CCN2 acts as an effector of upstream factors at multiple stages and sites in
developing tooth germs.
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Since their first description as CYR-61 (CCN1), CTGF (CCN2) and NOV
(CCN3) proteins more than a decade ago, the number of publications and in
turn our knowledge of the structure and function of these and other mem-
bers of the CCN family of genes has increased in a logarithmic fashion. Their
involvement has now been shown in multiple organ systems. One organ that
has been the focus of a large number of these reports s the kidney. The majority
of these renal studies have centered on, and have now documented, the role
of CCN2 as an important pathogenic factor in fibrosis/sclerosis in a num-
ber of models of chronic kidney disease (CKD). This chapter will focus on
these discoveries, the future direction, and the resulting possibilities for novel
therapeutics and diagnostics, both targeting CCN. In addition, limited data
indicates a possible role for CCN genes in embryonic development and in nor-
mal renal function. This area will also be briefly considered and the possible
relationship to the pathological response discussed.

CCN2 IN RENAL DISEASE; EARLY REPORTS

With the initial description of CCN2 (CTGF) by Bradham and Grotendorst
(Bradham et al., 1991) and early reports suggesting a possible interactive role
with TGF-8 in skin fibrosis and scleroderma, our laboratory and several oth-
ers around the world began simultaneous investigations of a possible role
for CCN2 in renal pathology. The first published reports suggesting possible
involvement of CCN2 in renal pathology came from Hammes, Pawar, Toback
and colleagues (Hammes et al., 1995; Pawar et al., 1995). Monolayer cultures
of monkey kidney epithelial cells (BSC-1 line) and calcium oxalate monohy-
drate (COM) crystals were used as a model to study cell responses to crystal
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interactions that might occur in the nephrons of patients during periods of
hyperoxaluria. They found that the immediate early genes c-myc, EGR-1, and
Nur-77, along with CCN2 were induced at one hour, with the latter persist-
ing for 24 hours. The genes encoding plasminogen activator inhibitor (PAI-1)
and platelet-derived growth factor (PDGF)-A chain were induced soon after
(Hammes et al., 1995). In the same cell line, using a scrape model for migration
in wound healing with acute tubular necrosis (ATN), they found that CCN2
gene expression was upregulated along with other genes thought to be involved
in the wound healing response (Pawar, Kartha and Toback, 1995). This was
followed by a report from Ito ef al. (Ito et al., 1998) in which kidney biopsies
were examined for CCN2 mRNA expression by in situ hybridization. Renal
expression in patients with a variety of different renal diseases were compared
to controls consisting of the non-involved areas of kidneys removed due to
tumors. CCN2 expression was weak and appeared limited to a few areas of
the control kidneys. However, there was an upregulation of specific mRNA
in cases of crescentic glomerulonephritis, IgA nephropathy, focal and segmen-
tal glomerulosclerosis, and in the 2 cases of diabetic nephropathy studied. This
upregulation was observed predominately in the tubulointerstitial areas at sites
of chronic damage.

CCN2 IN DIABETIC GLOMERULOSCLEROSIS

Our laboratory had begun investigating the role of CCN2 in chronic kidney
disease (CKD), focusing primarily on diabetic nephropathy (DN). One of the
primary lesions in DN, and in CKD in general, is sclerosis or fibrosis that
develops in the mesangium of the glomerulus, the filtering unit of the kidney.
The mesangial cell (MC) is located in the extracapillary space of the glomerular
lobule and may influence glomerular function, at least in part by maintaining
the structural integrity via foot-processes attached to the peri-mesangial base-
ment membrane, as well as the production of mesangial extracellular matrix
(ECM) (Riser, Cortes and Yee, 2000).

We, and others, have shown that the response to intraglomerular hyper-
tension and thus capillary dilation is MC contraction and excessive cyclic
stretch (Riser et al., 1992). However, these events are not unique to DN. They
occur under other conditions where intraglomerular hypertension is present.
In diabetes, there is an additional element of exposure to hyperglycemia, a
factor that has clearly been shown to be causal in the progression of disease.
Our laboratory and others have shown by in vitro modeling that DN is likely
to occur also as a result of MC response to both pathological cyclic stretch
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and elevated glucose exposure. For example, cultured MC when subjected to
cyclic stretching approximating the stretch occurring during fluctuations in
systemic blood pressure with impaired autoregulation at the afferent artri-
ole, respond by increasing the production and accumulation of those mesan-
gial ECM components that characterize the glomerular lesion (Riser et al.,
1992). It has been well established that the prosclerotic molecule TGF-8 is a
causal factor, not only in models of diabetic nephropathy, but numerous other
non-diabetic models where the end result of a variety of different insults to
the kidney is renal fibrosis or sclerosis. Indeed, evidence accumulated on this
molecule has been one of the driving forces for the hypothesis that diabetic
nephropathy and CKD are the result of an imbalance of cytokines created as a
result of long-term or chronic pathological stimuli. Our laboratory has shown
how these elements are interconnected by demonstrating that intraglomeru-
lar hypertension is translated to MC stretch, which results in the increased
production and activation of TGF-8 (Riser et al., 2001). This production of
TGF-g is also induced in MC by elevated glucose concentrations, but in the
presence of both stimuli there is a differential, synergistic induction of ECM
accumulation (Riser ef al., 1998). We therefore sought to next determine if the
potential profibrotic factor CCN2 was implicated in this pathogenic process.
To accomplish this we studied MC in culture as well as in the db/db mouse
model of type II diabetes, the most prevalent form of the disease in humans.

When we examined the expression of CCN2 mRNA in cultured rat
MC and compared the results with those from whole kidney and extra-
renal tissue, we found that the transcript was weakly expressed in cultured
MC and brain tissue, and was not detectable in cultured kidney fibrob-
lasts (Riser et al., 2000). In comparison, the message was strongly expressed
in the heart and kidney tissue. To then determine if CCN2 could influ-
ence the synthesis or secretion of ECM, cultured MC were exposed to
the recombinant human (rh) CCN2 protein, and the effects compared to
those produced by TGF-8, or high glucose exposure. CCN2 produced a
marked increase in key mesangial ECM components tested. For example,
fibronectin increased 45% (compared to a 23 and 30% increase with TGF-3
and the high glucose respectively), and type I collagen increased 64%, which
was roughly equal, or greater, than that induced by TGF-g (50%) or high
glucose (22%).

When TGF-8 was examined as a possible regulatory factor in MC expres-
sion of CCN2 message, we found that exogenous TGF-8 exposure increased
the expression of CCN2 transcripts greater than 4-fold, whereas autoinduction
of TGF-B1 mRNA was increased only 80% (Fig. 1).
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Fig. 1. Regulation of TGF-g and CCN2 (CTGF) mRNA by exogenous TGF-8 and CCN2
(CTGF). Serum-deprived mesangial cells were incubated for 24 hr in the presence of 2ng/mL
TGF-B or 20 ng/mL rhCTGF. RNA was extracted for Northern analyses and probed for, TGF-g1
or CTGF. The mRNA bands from replicate experiments were quantified by densitometric analysis,
and the results normalized to the values of the ribosomal RNA. N = 4, *P < 0.05 vs. control.
Reprinted courtesy of Renal Failure (Riser and Cortes, 2001).

Exposure to CCN2 failed to alter the level of TGF-8 mRNA, but surpris-
ingly auto-induced CCN2 message. When we examined the potential regula-
tion of CCN2 by high glucose, we found that MC grown in media containing
5mM glucose, when switched for 14 days to one containing 35 mM glucose,
increased CCN2 message nearly sevenfold. The observed effects on CCN2
mRNA levels were confirmed in our studies of the protein, using Western blot-
ting and ELISA. In unstimulated MC cultures, two faint CCN2 bands were
detected at the level of the recombinant standard, approximately 36 and 39 kDa
(Fig. 2A). The intensities of these full-length CCN2 bands increased markedly
following treatment with either TGF-8 or high glucose. Further, a smaller
CCN2 molecule(s) (18-20 kDa, half-length CCN2) was strongly induced by
TGF-B. These findings corresponded to the changes noted by a quantitative
ELISA, i.e. unstimulated MC secreted 2.3 ng/ 10° cells/24 hr, but increased 2.5-
and 2-fold following exposure to TGF-8 or high glucose, respectively (Fig. 2B).
The effect of high glucose levels was not due to an osmolar effect since exposure
to SmM glucose plus 15 mM mannitol had no effect on the amount of CCN2,
or the distribution of secreted CCN2 forms, as determined by immunoblotting.
To determine if these effects of high glucose were mediated by TGF-8, we exam-
ined the response to elevated glucose in both the presence and absence of an
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Fig. 2. CCN2 (CTGF) mRNA (A, by Northern analysis) and protein (B, by ELISA) induction
in MC. Cells grown in a medium containing 5 mM glucose were serum-depleted and then cultured
for an additional 48 hr in the presence or absence of 2 ng/mL TGF-8 or 20 mM glucose. Reprinted
courtesy of J Amer Soc Nephrol (Riser et al., 2000).
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Fig. 3. TGF-B blockade of high glucose-induced CCN2 (CTGF) production. MC cultured for
14 d in the presence of either 5 or 20 mM glucose were seeded and grown for 8d. On day 4, the
cultures were serum-deprived and half of the cultures received 20 pg/mL anti-TGF-8 antibody.
Fresh antibody was added daily, and the media was replaced 24 hr before collection. N = 4.
*P < 0.05 versus 5mM glucose; **P < 0.05 versus 20 mM glucose without TGF-8 antibody.
Reprinted courtesy of J Amer Soc Nephrol (Riser et al., 2000).

antibody that neutralizes TGF-8. We found that neutralization of endogenous
TGF-B had no effect on the constitutive secretion of CCN2 (i.e. in the presence
of normal concentrations of glucose), but totally blocked the stimulation of
CCN2 that occurred in response to high glucose (Fig. 3).

Last, we tested the effects of cyclic mechanical strain, mimicking conditions
of MC stretch during possible low frequency oscillations in intraglomerular
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pressure. Since we, and others, had already shown that such mechanical strain
upregulates TGF-8 activity, we wanted to determine if the effects of stretch
might also occur independently of TGF-8. The response of increased secreted
TGF-8 protein requires a minimum of 24 hours (Riser et al., 1996). Therefore,
for these experiments we tested the response at 4 and 8 hours. We found that
the CCN2 mRNA levels were strongly increased as early as 4 hours, remaining
elevated at 8 (Fig. 4), 24 and 48 hours (Riser et al., 2000).

To last determine if CCN2 was mediating the effects of TGF-8 on ECM, we
cultured MC following stimulation with TGF-8 in the presence or absence of an
antisense oligonucleotide (AS-ODN) directed at the initiation codon of CCN2.
We found that treatment with the ODN resulted in the blockade of elevated col-
lagen type I production (Fig. 5). Taken as a whole, these results show that MC
express low levels of CCN2 mRNA and protein under normal, non-simulated
conditions. However, in the presence of elevated glucose, TGF-g, or increased
mechanical strain, the cells respond by increasing their production and
response to CCN2. Occurring downstream is the increased production of ECM
and in turn the fibrosis or sclerosis that characterizes CKD associated with
diabetes, hypertension, and reduction in renal mass. The finding of a CCN2
autoinduction in vitro suggests a possible in vivo mechanism for explaining the
perpetual progression of ECM accumulation that occurs in this disease.

Oh 4h 8h

' ” e

Fig. 4. Effect of cyclic stretching on the MC expression of CCN2 transcripts. Cells cul-
tured overnight on collagen-coated flexible-bottomed dishes were subjected to cyclic stretching
(3 cycles/minute, with 11% average elongation) or control, static conditions. At the indicated peri-
ods, RNA was extracted and probed for CCN2 message. Each lane represents the results of samples
pooled from 24 difference culture wells. 28 and 18S RNA levels were used to verify equal loading.
Reprinted courtesy of J Amer Soc Nephrol (Riser et al., 2000).
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Fig. 5. Effects of CCN2 antisense oligonucleotide treatment on TGF-g stimulated collagen
type I secretion in rat mesangial cells. Rat MC grown to approximately 90% confluency then
maintained under serum-deprived conditions for 24 hr, were exposed to TGF-g in the presence or
absence of a CCN2-specific antisense ODN. Collagen type I secretion was measured by ELISA.
* = significantly (P < 0.01) different than all other groups.

To determine if CCN2 was upregulated in early DN, we studied diabetic
db/db mice and nondiabetic db/m controls. The db/db mouse has a defective
receptor gene for leptin, and therefore becomes obese at 3 to 4 weeks of age
developing hyperglycemia. This is followed by a nephropathy that is primar-
ily proteinuria and mesangial expansion with increased mesangial matrix that
develops by 5-7 months. In our experiment, at 5 months of age, or approxi-
mately 3.5 months after the onset of diabetes, mean blood glucose levels, body
weights, but not the level of proteinuria, were significantly elevated in the db/db
animals (Fig. 6).

The diabetic animals exhibited notable glomerular changes, i.e. mild, but
statistically significant increased mesangial matrix expansion without appar-
ent tubulointerstitial disease. These changes are consistent with early diabetic
glomerulosclerosis. Northern analysis of whole kidney RNA indicated that the
CCN2 message levels increased 2-fold in diabetic mice with similar changes in
fibronectin (Fig. 7A). In comparison, analysis of micro-dissected glomeruli
by quantitative PCR showed a low transcript level of CCN2 in the glomeruli
of control animals that were dramatically increased (27-fold) with diabetes
(Fig. 7B). Fibronectin message was increased 5-fold. Our findings, in a model,
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Fig. 6. Measurement of clinical changes in db/db mice at 5 months. Protein excretion was the
mean of 2 consecutive 24 hr urine collections. Mesangial sclerosis was scored on a scale of 0-4
(0 being no lesion to 4 consisting of diffuse collapse of capillary lumina, and sclerosis involving 75%
or more of the tuft) from PAS stained kidney sections (a total of 100150 glomeruli per kidney).
*Values are significantly different from control, P < 0.05. Open bars are control db/m and striped
bars are diabetic db/db mice. Reprinted courtesy of Renal Failure (Riser and Cortes, 2001).
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Fig. 7. Effects of diabetes on whole kidney (A) or glomerular (B) expression of CCN2 (CTGF)
and fibronectin transcript levels in db/db mice. At 5 months of age, analyses were carried out on
whole kidneys (northern blot) or quantitative RT-PCR glomeruli microdissected (50 from each
kidney) or five control (db/m) and five diabetic (db/db) mice. *P < 0.05 versus control. Figure
adapted, with courtesy, from J Amer Soc Nephrol (Riser et al., 2000).

of type II diabetes, were supported by a report from Murphy et al. (1999) in a
model of type I diabetes. They too demonstrated an upregulation in MC CCN2
transcript labels upon high glucose exposure, and an increase in glomerular
expression of CCN2 mRNA as well.
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The laboratories of Mason and Wahab have also investigated this issue.
Using human MC, they also reported the production of a 36-38 kDa CCN2
with a minor band at < 30 kDa (Wahab eral., 2001). However, they additionally
observed a major band at approximately 56 kDa that they speculated could be
full-length CCN2 complexed to one of the smaller cleavage products, or another
protein. To our knowledge others have not reported this form. However, we
have described a large, approximately 200 kDa form (see below) in the urine of
patients with kidney disease that reacts with CCN2 specific antibody suggesting
that the full-length molecule may either complex to other CCN2 molecules, or to
other proteins in solution. Further support for in vivo findings described above
comes from Wahab et al. (2001). They reported the detection of immunoreactive
CCN2 protein in the glomeruli of non-obese diabetic mice 14 days after the
onset of diabetes, prominent by 70 days. CCN2 was also present in the glomeruli
of patients with DN, but no CCN2 could be detected in either normal murine
or human glomeruli. Along these lines, Adler et al. (2001) have reported CCN2
transcript levels in glomeruli of diabetic patients that are significantly elevated
over those from living donor kidneys (see further description below).

Wahab and colleagues have also transfected the MC to overexpress CCN2.
They reported a resulting increase in fibronectin protein secretion as detected
in a qualitative Western analysis. The same group has further shown
(Yevdokimova et al., 2001) that the molecule thrombospondin-1 (TSP-1),
known to activate TGF- in vivo, is involved. They showed that the block-
ade of TSP-1 was able to inhibit the in vitro MC response to high glucose. One
of the recognized early changes in experimental DN is mesangial cell hypertro-
phy. How this event influences the later changes that occur in the mesangium
is not clearly known at this time. However, the same laboratory has recently
investigated the possibility that CCN2 might be involved. They reported that
CCN2 stimulates human MC to actively enter G| phase from G,, but appar-
ently does not stimulate progression further through the cell cycle (Wahab
et al., 2002). This appeared to occur via the induction of cyclin-dependent
kinase inhibitors, CDKI, p15™&4 and p27XiP! Their use of CCN2 AS-ODN
also indicated that the previously identified TGF-8 induced hypertrophy in
MC is CCN2-dependent.

POSSIBLE ROLE OF AGE IN CCN2 MEDIATED
DIABETIC NEPHROPATHY

Advanced glycosylated end products (AGE), irreversibly formed biochemical
end products of non-enzymatic glycosylation, have been implicated as causal
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in the expansion of ECM that occurs in DN. AGE are present in the serum and
in many tissues of diabetic patients, and have the ability to covalently cross-link
and biochemically modify protein structure and function. Twigg et al. (2002)
examined a possible connection between CCN2 and AGE. They found that
AGE exposure was able to upregulate, in dermal fibroblasts, CCN2 mRNA
and protein levels in a specific manner. This suggests that AGE may augment
the development of fibrosis in DN via its effects on CCN2. This hypothesis
was furthered by the findings of Forbes ef al. (2003). In the streptozotocin
(STZ) model of diabetes, they found that treatment with an AGE cross-link
breaker ALT711 resulted in a significant reduction in serum and renal AGE
that was associated with a decrease in albumin excretion rate (AER), blood
pressure, and renal hypertrophy, along with a decrease in gene expression of
CCN2, TGF-8, and collagen type I'V. These effects were seen following both
early (long-term 16 weeks) and late (shorter, 8 weeks) treatments. However,
early treatment was required to reduce the glomerulosclerotic index, the tubu-
lointerstitial area, and the expression of collagen type IV and TGF-g proteins.
In another treatment study, Twigg and colleagues (Twigg et al., 2002) were able
to show that long-term treatment with aminoguanidine, an advanced glyca-
tion inhibitor, blocked the increased CCN2 and fibronectin expression seen in
experimental DN. Further, the exposure of cultured MC to AGE increased
both CCN2 and fibronectin expression (Twigg et al., 2002). These results indi-
cate yet another role for CCN as a downstream mediator of the effects of a
known causal factor in experimental and human renal disease, in this case DN.
This supports the idea of CCN2 as a final common pathway to the development
of sclerosis/fibrosis in the kidney.

CCN2 IN TUBULOINTERSTITIAL FIBROSIS

Further evidence for CCN2 upregulation as a downstream common ele-
ment to the development of fibrosis comes from work on tubulointerstitial
fibrosis (TIF). This form of renal pathology is itself regarded as a common
sequel to renal injury and is considered a late stage final common pathway
in the progression to end stage renal failure in numerous afflictions, includ-
ing DN. One model that has been used to study TIF is the 5/6 nephrectomy.
This model involves the complete removal of one kidney, and 2/3 nephrec-
tomy on the contra-lateral side. The severe reduction in renal mass results in
a marked increase in intraglomerular pressure, which appears to largely drive
the resulting glomerulosclerosis, interstitial fibrosis, and eventual tubular atro-
phy. In addition to the degenerative and regenerative changes, there is tubular



CCN Genes and the Kidney 105

epithelial-myofibroblast transdifferentiation. The transition to myofibroblast-
like cells has been the focus of many recent studies and appears to be critical to
the development of fibrosis at this site. The rate and final stage of progression
in the 5/6-nephrectomy model vary with the surgical technique used as well as
the species and strain of animal.

Frazier et al. (2000) used the 5/6-nephrectomy model, in Sprague-Dawley
rats, to examine CCN2 expression, and the relationship to other growth factors
known to be involved in the fibrosis process. They reported that CCN2 mRNA
expression was minimal in controls, mild at 2 weeks, and marked by 4 to
8 weeks in interstitial fibroblasts, coinciding with damage, regeneration, and
fibrosis. TGF-8 expression, now thought to at least in part drive the epithelial-
myofibroblast transdifferentiation described above, on the other hand, was
increased in many cell types at 2 weeks. CCN2 expression was additionally
augmented by 4 weeks, and then remained constant. PDGF-8 message was
found in many stromal cells at 2—4 weeks, but expression decreased at 8§ weeks.
Nosignificant IL-1 or TNF-«a was detected. The proximity of these upregulated
growth factors to regenerative epithelial cells and those transdifferentiating
to myofibroblasts suggested a role for CCN2 in modulation of renal tubular
epithelial differentiation.

Using the STZ-induced model of type I diabetes, Wang er al. (2001) found
a doubling of the CCN2 mRNA levels in kidney cortex (identical to what
we reported in the whole kidney of the db/db mouse model of type II dia-
betes). Further, they found that the glomerular ultra-filtrate from diabetic rats,
TGF-8, and to a lesser degree hepatocyte growth factor (HGF), but not high
glucose exposure, induced increased expression of CCN2 in cultured mouse
proximal convoluted tubule cells (MCT) (Wang et al., 2001). rhCCN2 exposure
moderately increased fibronectin, but not collagen type I and 111 in MCT cells.
However the latter was elevated by thCCN2 in cultured normal rat kidney
fibroblasts (NRK-49F). Yokoi and colleagues (Yokoi et al., 2001) also investi-
gated the role of CCN2 in renal tubulointerstitial fibrosis using the unilateral
ureteral obstruction (UUO) model in rats. This model has the advantage of
inducing a rapid, albeit transient, fibrosis. They found that following obstruc-
tion, there was an early upregulation in both TGF-8 and CCN2 message,
followed by an induction of fibronectin and collagen type I mRNA levels. In
cultured NRK-49F cells CCN2 antisense oligonucleotide treatment appeared
to attenuate TGF-B-induced increase in fibronectin and collagen type [ mRNA
levels (Yokoi et al., 2001). Along these lines, Zang and colleagues recently
investigated the role of CCN2 in renal tubular epithelial-myofibroblast trans-
differentiation and ECM accumulation by examining the effects of TGF-3
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on a cultured human proximal tubule epithelial cell line (Zhang et al., 2004).
They found that exogenous exposure upregulated the transcripts for CCN2,
followed by a-smooth muscle actin, fibronectin, and plasminogen activator
inhibitor-1 (PAI-1). These markers all appeared inhibited by CCN2 AS-ODN
treatment. Yokoi et al. (2004) have very recently provided proof of a causal role
for CCN2 in the development of TIF. In the UUO model they reported that
treatment of mice with AS-ODN directed against CCN2 specific sequences,
when injected into the renal artery were able to markedly attenuate the upreg-
ulation of CCN2, fibronectin and collagen type I, without affecting the expres-
sion of TGF-B. This treatment also reduced the number of myofibroblasts
as determined by a-smooth muscle actin, but did not alter the number of
proliferating tubule or interstitial cells. Very little is currently known about
how CCN2 mediates its biological effects on target cells, including MC and
fibroblasts. This includes cellular transformation and increased production of
ECM. Heusinger—Ribeiro, Goppelt—Struebe, and colleagues have investigated
(Heusinger—Ribeiro et al., 2001) the potential roles of RhoA and the cytoskele-
ton in CCN2 mediated effects, providing evidence for such mechanisms. This
area is the focus of another chapter in this text.

Taken as a whole, these results provide experimental evidence of a role for
CCN2, also in TIF. Further, they suggest that the damage driven by CCN2 in
CKD, including that associated with diabetes is not limited to the glomerulus.
The pathological cellular response to CCN2 at the two different sites does not
appear to be identical however, as seen for example by the apparent CCN2-
induced myofibroblast transformation. The at least partial differential response
of proximal tubule cells and interstitial fibroblasts as compared to MC may
be the result of a cell specific response to CCN2, or alternatively a response to
CCN2 seen in combination with other local cytokine/growth factors unique
to the different sites. This could be an area for fruitful study.

CCN2 IN GLOMERULONEPHRITIS (GN)

The first evidence of a possible role for CCN2 in GN came from Ito et al.
(1998). As described above, they reported an upregulation of specific mRNA
in human cases of crescentic glomerulonephritis, IgA nephropathy, and focal
and segmental glomerulosclerosis. This upregulation was observed predomi-
nately in the tubulointerstitial areas at sites of chronic damage. Exploration of
the mechanisms and role of CCN2 in GN, although limited has included the
anti-Thy-1 experimental model of proliferative GN. In this model, antibody
directed against Thy-1 is typically injected as a single dose into rats or mice.
In addition to expression on thymoyctes, for which it was named, the Thy-1
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protein is also found on MC in situ. Anti-Thy-1 injection results at day 1 in a
complement-dependent mesangiolysis, and the formation of aneurysms that
are followed by a glomerular-proliferative phase from day 4 to 14. This is char-
acterized by a replacement of MC accompanied by increased production of
mesangial ECM. The proliferative response is followed by a relatively rapid
resolution of pathology by day 14, unless a second administration of anti-
body is given. Using this model, Ito et al. (2001) reported that CCN2 was
strongly increased in extracapillary and mesangial proliferative lesions and
in areas of periglomerular fibrosis. Early glomerular CCN2 overexpression
in glomerular visceral epithelial cells coincided temporally with the upreg-
ulation of TGF-81 and to a lesser degree TGF-83. Glomerular CCN2 and
TGF-8 mRNA expression was maximal at day 7. CCN2 expression by pari-
etal epithelial cells preceded the periglomerular appearance of «-smooth mus-
cle actin-positive fibroblasts. Further, cultured glomerular visceral epithelial
cells responded by quickly upregulating CCN2 mRNA levels when exposed to
treatment by TGF-8 (Ito et al., 2001).

Recently, Kanemoto er al. (2003) studied the expression of CCN2 and
TGF-g in crescentric GN (CRGN). Crescents are a determinant of progression
in some renal diseases, leading to scar formation, and are made up primarily
of glomerular parietal epithelial cells (PEC). In a rat model of CRGN, they
found that in the early acute phase, the majority of cells were macrophages
that did not express CCN2 (Kanemoto et al., 2003). However, in the advanced
phase, crescents strongly expressed CCN2 mRNA, and demonstrated markers
for epithelial cells, and not macrophages. PEC in culture were stimulated by
TGF-8 or PDGF-BB to upregulate both ECM and CCN2. The same group
also showed relevance to human CRGN by examining biopsy specimens from
18 CRGN patients (Kanemoto et al., 2004). CCN2 mRNA was expressed in
the podocytes and PEC in unaffected glomeruli and was strongly expressed
in cellular and fibrocellular crescents particularly in pseudotubule structures.
Expression was co-localized with TGF-8, TGF-8 receptor, collagen type I and
fibronectin message.

These studies of experimental and human GN indicate that CCN2 is also
involved in the renal response to immune- or inflammation-mediated damage,
and may explain the resulting fibrosis/sclerosis.

OTHER CCN GENES IN RENAL DISEASE

There currently exists little data on the role of other CCN, i.e. non-CCN2,
members in the kidney. However, Sawai (2003) interestingly found that CCN1
(Cyr-61), known particularly for its angiogenic activity, was present in proximal
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tubules and afferent and efferent arterioles of normal kidneys. However, in
the glomeruli of animals with Thy-1 induced glomerulonephritis the protein
was induced in podocytes, and appeared less broadly distributed than CCN2
upregulation in this model, suggesting perhaps distinct roles. This finding is
very interesting. Future studies are justified, and will be necessary to determine
which CCN members are involved in renal disease processes, and whether they
play supportive, overlapping, or opposing roles. Our laboratory is currently
investigating this area.

CCN MOLECULES AS TARGETS FOR DIAGNOSIS AND
PREDICTION OF DISEASE

It is currently impossible to reliably predict which diabetic patients will be
among the 30—40% that will develop nephropathy and progress to kidney fail-
ure. Determination of microalbuminuria is regularly sought in these patients,
with positive results serving to signal renal involvement and the need to begin
renal-focused therapy. Microalbuminuria, therefore, is not a predictor of overt
DN, but rather an indicator of established damage. Our previous observa-
tions (described above) of CCN2 in MC, coupled with those of an early and
marked expression of the cytokine in the glomerulus, led us to postulate that
CCN2 might be excreted in the urine and that its early presence might serve
as a predictor for the progression of DN. To test this, we first examined urine
from healthy rats in comparison to those made diabetic by STZ. Low levels of
urinary CCN2 were present in healthy, control rats, but were increased 7-fold
overall in diabetic animals (Fig. 8A) (Riser ef al., 2003). Levels were highest
at 3 weeks of diabetes, then decreased with time, but remained elevated over
controls, even after 32 weeks. In contrast, 32 weeks was required in order to
detect a significant increase in albumin levels (Fig. 8B).

By analogy, consistent low levels of CCN2 were also detected in healthy
human volunteers. However, levels were elevated approximately 6-fold in the
majority of diabetic patients with nephropathy (Fig. 9). As predicted, a small
number of patients not yet exhibiting evidence of renal involvement showed
urinary CCN2 levels 9-fold greater than controls, even though the remain-
ing normoalbuminuric patients had CCN2 levels indistinguishable from the
healthy controls (Fig. 9). A qualitative analysis by Western blotting demon-
strated that while a band equivalent to the full-length CCN2 (37/39 kDa
doublet) both healthy and diabetic persons, diabetic patients exhibited other
multiple bands, including a high (approximate 200 kDa) molecular weight
band, as well as a low weight (approximate 12kDa) band equivalent to the
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Fig. 8. Urinary CCN2 (A) and albumin levels (B) in normal and diabetic rats. Concentrations
in two consecutive 24 hr urine samples were measured by ELISA and normalized to the amount
of creatinine in the same sample. All CCN2 values (mean log + SE) in the experimental group
(n = 12) were significantly different than those in the control group (n = 6) at the corresponding
periods (P < 0.0001). Within each group, CCN2 levels decreased significantly over time. *P <
0.0006 versus 3 wks; **P < 0.0001 versus 11 wks; ***P < 0.032 versus 8 wks and 11 wks. The
value (mean + SE) of albumin in diabetic animals (n = 12) was significantly greater at 32 wks,
only, when compared to the corresponding control (n = 6) group (P = 0.042). Reprinted courtesy
of Kidney Int (Riser et al., 2003).

quarter fragment of full-length CCN2. Our results suggest that glomerular
and urinary CCN2 may provide a unique target for, not only diagnosing the
onset and stage of progression of renal disease including CKD, but also, in the
case of diabetes may be able to predict which patients are destined for later
progression to DN.

CCN MOLECULES AS TARGETS FOR THERAPEUTICS

We, and now many others, have proposed the use of CCN2 as a therapeutic
target for various forms of renal disease, particularly those where progression
leads ultimately to a fibrosis and/or sclerosis. To date experimental evidence
supports this as a reasonable approach. One method for the control of CCN2
activity may be possible by the administration of neutralizing antibodies. Anti-
bodies directed against CCN2 have been generated in a number of different
species, and to different sites on the molecule, and might seem an obvious
potential therapy. However, very few of these antibodies have been reported
to demonstrate neutralizing activity. This seems quite unlike the case for other
cytokines, e.g. TGF-8 where effective blocking antibodies have been generated.
The explanation for this observation with CCN2 is currently unexplained to
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Fig. 9. Measurement of urinary CCN2 from patients and healthy volunteers. Urinary CCN2
levels were measured by ELISA. Each bar represents the determination from an individual patient
sample run in triplicate. The dashed line indicated the mean value for all healthy volunteers.
Reprinted courtesy of Kidney Int (Riser et al., 2003).

us. However, FibroGen, a company involved early in CCN2 biology, has devel-
oped an anti-CCN2 monoclonal antibody that is currently in an open-label,
Phase I clinical trial (public announcement). This is the first step in evaluat-
ing the therapeutic potential of the antibody, with the indication of idiopathic
pulmonary fibrosis.

Another potential area for anti-CCN2 based therapy may come from the
utilization of endogenous factors that are part of the normal mechanism for
countering, or down regulating, CCN2 production and/or activity. Along these
lines, Cruzado et al. (2004) have reported that the gene delivery and expres-
sion of human hepatocyte growth factor (HGF) to STZ-diabetic rats reduced
albuminuria, regressed mesangial expansion and the development of glomeru-
losclerosis. This was associated with the suppression of glomerular CCN2
upregulation. Although a number of recent reports have indicated a possi-
ble role for HGF as an endogenous factor reducing fibrosis development, the
direct effects of HGF on CCN2 appear to be unknown. Another hormone-like
molecule bone morphogenic peptide 7 (BMP-7) has been shown to amelio-
rate experimental forms of interstitial fibrosis (Wang and Hirschberg, 2003).
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Treatment of MC with BMP-7 was shown to reduce the CCN2 and ECM levels
stimulated by TGF-g (Wang and Hirschberg, 2003).

Agents currently on the market and used in the treatment of CKD, for
example angiotensin-converting enzyme (ACE) inhibitors, may exert their
effects, at least in part, by their effect on CCN2 activity. Understanding how
this effect is mediated may lead to improvement within these classes of drugs.
Along these lines, Goppelt—Struebe ef al. (2001) reported that simvastatin an
HMG CoA reductase inhibitor, inhibited CCN2 mR NA expression in cultured
MC in a concentration-dependent manner, suggesting that statins may have a
potential to reduce fibrosis development via CCN2. In another study, Makino
et al. (2003) in order to examine the response of CCN2 to prostanoids treated
STZ-diabetic rats with aspirin. They reported that chronic treatment signif-
icantly attenuated mesangial expansion and effectively suppressed CCN2.
Last, new therapeutics targeted at AGEs, for example ALT-711 (Forbes
et al., 2003a; 2003b) may work through their ability to block stimulation
of CCN2.

Our laboratory has focused attention of the development of inhibitors of
CCN2 RNA regulation and utilization in the form of both AS-ODN and
siRNAs. This area has the potential advantage of targeting specific effects.
The greatest obstacles with this form of potential therapy involve delivery to
the kidney, and proof of limited off target effects. As described above, CCN2
AS-ODN administered via the renal vein has been used to successfully demon-
strate an attenuation of fibrosis in the UUO model. This is ostensibly a reason-
able model to test such agents, because of the rapid development of fibrosis.
However, the use of such an agent to treat CKD in patients will likely require a
long-term stable agent with the acceptability of an oral, or infrequent IV par-
enteral administration providing targeted delivery to the appropriate renal site.

CCN IN KIDNEY DEVELOPMENT AND
NORMAL PHYSIOLOGY

While little is currently known about the role of CCN molecules in normal
renal physiology, a number of studies have shown a differential time-related
expression of the CCN genes during development, thus indicating a role in
embryogenesis. For example, Surveyor and Bridgestock (1999) identified in
mouse embryos, by immunolocalization, CCN2 reactive protein in the devel-
oping kidney along with many other, although not all, major organs. Expres-
sion in renal tissue appeared at, but not before, day 14 of gestation. Chevalier
et al. (1998) showed that during normal nephrogenesis CCN3 (NovH) protein
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was tightly associated with differentiation glomerular podocytes and was also
detected in endothelium and neural tissue of the kidney. Abnormally high
expression of CCN3 interestingly occurred in sporadic and heritable Wilms
tumors suggesting how this particular renal pathology may result from the
abnormal regulation of the CCN family member.

A role for CCN members in normal physiology, beyond this rudimen-
tary information in development, has not been established. Studies employing
immunostaining have largely failed to consistently, and precisely detect and
map the expression of CCN protein in the tissues examined. Our laboratory,
like others, have failed to detect marked staining for CCN2 protein in the nor-
mal glomerulus, in spite of the fact that specific mRNA can be measured in
isolated glomeruli. However, we have observed reproducible, focal staining of
CCN2 protein associated with tubules of normal mice (unpublished observa-
tion). The finding of CCN2 at low levels in the urine of both healthy humans
and rodents, suggests a role in normal physiological function. However the
exact source of this CCN2 is currently unknown. Of the members of the CCN
family, CCN2 would be expected to also play a beneficial role in the normal
wound healing process, although currently this has not been the target of may
investigations. One can envision the circumstance where, like with TGF-8, it is
only in the environment where a chronic insult or overwhelming injury occurs
that the uncontrolled expression of this normally beneficial cytokine becomes
a causal factor now driving the course of the disease.

SUMMARY AND CONCLUSIONS

The formation of sclerosis or fibrosis in the kidney is a common response to
severe or chronic forms of injury. At least in CKD, there appears to be three
predominant casual factors, metabolic, genetic, and homodynamic (Fig. 10).
All of these factors can interact, particularly in DN, to drive progression. We
envision CCN2 as a central, downstream mediator of the effects of these three
elements. For example, pathological shear or stretching force resulting from
intraglomerular hypertension appears to stimulate the production of cytokines
including CCN2. This same force also appears to be responsible for increased
vascular permeability leading to both proteinuria and an increased production
of vasoactive hormones such as Ag Il and endothelin, which in turn elevate
CCN2 and further enhance the mechanical force. The abnormal accumulation
of AGE that occurs with the altered metabolism of glucose in DN may also
work to both directly increase ECM cross-linking and accumulation, as well
as to increase CCN2. The genetic background of the individual can influence
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Fig. 10. Schematic depicting the proposed central role of CCN2 in renal fibrosis and sclerosis.

the elements of hemodynamics and metabolism, and in turn the resulting path-
ways as described. Additionally there is a likely influence on PKC activity and
production of vasoactive hormones. In all cases, the chronic upregulation of
CCN2 activity is likely to result in altered ECM turnover and increasing ECM
accumulation, producing fibrosis or sclerosis. These findings support the pos-
tulate that CCN2 is a central downstream element in the progression of renal
fibrosis, and as such, provides a reasonable and novel target for both diagnos-
tics and therapeutics. Clearly, understanding these pathways will be important
in the development of both.
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CCN proteins regulate a broad spectrum of cellular functions including adhe-
sion, migration, proliferation and survival. CCN family members are pro-
duced by various hepatic cells in response to injury or cellular transformation.
Repair or regeneration following drug-induced hepatoxicity or hepatic resec-
tion is characterized by enhanced expression of CCN2 via pathways that
are downstream of the actions of tumor necrosis factor-o and/or transform-
ing growth factor-8. CCN2 and CCN3 levels are enhanced in primary and
metastatic hepatocellular carcinoma, while CCN4 is over-produced in cholan-
giocarcimonas. In hepatic fibrosis, CCN2 is produced by all major cell types,
often downstream of transforming growth factor-g. CCN2 stimulates a pro-
fibrotic phenotype in hepatic stellate cells, the principal fibrogenic cell type,
through its regulation of proliferation, adhesion, migration, proliferation and
survival as well as production of «¢-smooth muscle actin or collagen I. Bind-
ing of CCN2 to stellate cells occurs via cell surface integrin «vg3 and low
density lipoprotein receptor-related protein, both of which utilize heparan
sulfate proteoglycans as a co-receptor. CCN proteins are a novel class of cell
regulatory molecules that may represent new therapeutic targets for a variety
of liver diseases, especially fibrosis and cirrhosis.

INTRODUCTION

The CCN gene family comprises six 30-40kDa cysteine-rich mosaic pro-
teins (CCN1-6). These molecules are secreted modular proteins that become
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extracellular matrix (ECM)-associated and regulate diverse cellular activi-
ties such as adhesion, migration, mitogenesis, differentiation and survival.
CCN proteins likely exert many of their biological effects by direct binding
interactions with components of the ECM, integrins and other cell surface
molecules including heparan sulfate proteoglycans (HSPG) and low density
lipoprotein receptor related protein (LRP). Connective tissue growth factor
(CCN2, also known as CTGF) has attracted particular interest in the con-
text of liver disease because of its roles in fibrosis, injury and cancer. CCN2
is a multi-functional matricellular protein that is produced by a variety of
cell types and acts via autocrine and paracrine circuits to regulate many cel-
lular functions including growth, proliferation, apoptosis, adhesion, migra-
tion, extracellular matrix production, and differentiation (Brigstock, 1999;
Lau and Lam, 1999; Moussad and Brigstock, 2000; Perbal, 2001). CCN2
appears to play a role in diverse biological processes including angiogene-
sis, chondrogenesis, embryogenesis, implantation, development, ovarian func-
tion, tumorigenesis and fibrosis. This article will focus on the involvement
of the CCN gene family in liver injury and regeneration, carcinoma and
fibrosis.

HEPATIC STRUCTURE AND FUNCTION

The liver is divided into lobes that are further subdivided into smaller anatomic
units or lobules. These lobules serve as functional units within which many
substances are metabolically processed by hepatocytes. A central vein is at the
middle of the classic hexagonal lobule with portal triads at three of its six angles.
The portal triads contain a portal vein, hepatic artery and bile duct. Between
the central vein and portal triads are cords of hepatocytes surrounded by a
fenestrated endothelium. Hepatic stellate cells (HSC) reside in the intervening
space of Disse within the sinusoidal lumen while tissue macrophages, also
known as Kupffer cells, lic in the blood sinusoid in close proximity to the
endothelium (Fig. 1).

The liver plays an essential function in maintaining the metabolic
homeostasis of the body. It performs a major role in the synthesis
and metabolism of protein, carbohydrate and fats while also performing
phagocytosis. Many foreign substances and hormones are detoxified as they
pass through the liver. In addition, the liver is responsible for the synthe-
sis and secretion of bile as well as storing many vitamins and minerals.
Therefore, hepatic disorders have wide-ranging consequences and are often
life-threatening.
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Fig. 1. Organization of the principal hepatic cell types.

Between the central vein (CV) and portal triad (the latter of which comprises the bile ductile
(BD), portal vein (PV), and hepatic arteriole (HA)) cords of hepatocytes (H) are surrounded by a
fenestrated sinusoidal endothelium (SE). Hepatic stellate cells (HSC) are located within the space
of Disse and when activated, proliferate and produce excess ECM. In healthy subjects, Kupffer
cells (K) reside within the blood sinusoids along the endothelium.

DRUG-INDUCED HEPATOTOXICITY AND INJURY

Drug-induced liver disease is a relatively common, but often undiagnosed,
cause of liver injury (Goodman, 2002). The unique metabolic processes within
the liver coupled with its intimate relationship to the gastrointestinal tract
make it a key target for drug cytotoxicity (Pineiro—Carrero and Pineiro, 2004).
Many drugs are lipophilic and readily cross the gastrointestinal tract and sub-
sequently undergo biotransformation in the liver (oxidation and conjugation)
into hydrophilic derivatives that are excreted in the urine or bile. Adverse drug
reactions involving the liver are the most common reason for an approved drug
to be withdrawn from the market.

Overdoses of the common analgesic acetaminophen (Tyleonol™, Para-
cetemol™) can cause severe liver injury and acute liver failure. In the USA,
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50% of acute liver failure cases are due to acetaminophen-induced liver
injury (Lee, 2004). The drug is converted by cytochrome P4502E1 (CYP2E1)-
mediated oxidative pathways in hepatocytes to the toxic metabolite N-acetyl-
p-quinone imine which is subsequently detoxified by preferential binding to
glutathione (GSH). Liver injury occurs upon depletion of cytosolic and mito-
chondrial GSH, though the progression and degree of injury is dependent
on genetic and environmental factors (e.g. expression levels of CYP2EI or
GSH, alcohol consumption, etc). The bioenergetic consequences of overdoses
of acetaminophen are manifested as a centrilobular necrosis that can be fatal.
Liver pathogenesis is also associated with the production of tumor necrosis
factor-a (TNF-«) by Kupffer cells (Decker, 1990). TNF-« acts as a stimulus for
the production of other cytokines that activate inflammatory cells and initiate
wound healing. In mice receiving acetaminophen, centrilobular necrosis was
associated with increased transcription of a variety of inflammatory cytokines
and repair molecules, including CCN2 (Gardner et al., 2002; Gardner et al.,
2003). Although CCN2 is a transforming growth factor-g (TGF-8) immedi-
ate early gene in other systems (Leask and Abraham, 2003), TGF-8 levels
in the liver were unaffected by acetaminophen (Gardner et al., 2003). The
TNFRI1 receptor, which is expressed predominantly by Kupffer cells and hep-
atocytes and plays a key role in hepatotoxicity, was implicated in mediating
CCN2 production since the level of hepatic CCN2 mRNA was reduced in
acetaminophen-treated TNFR1—/—mice as compared to wild type controls
(Gardner et al., 2003). TNFR1—/—mice exhibited delayed or reduced produc-
tion of several other inflammatory cytokines and wound healing factors as
well as an exaggerated hepatotoxicity to acetaminophen. These data show that
TNF-« signaling is central to acetaminophen-induced inflammation and liver
injury, and that CCN2 is a component of the signaling cascade.

Related studies in mice that were knockout for inducible nitric oxide syn-
thase (NOS II) showed that they exhibit reduced hepatotoxicity in response
to acetaminophen as compared to wild-type controls (Gardner et al., 2002).
The NOS II knockout mice demonstrated increased expression of both TNF-«
and CCN2 highlighting the potential importance of CCN2 as a wound heal-
ing factor downstream of TNF-«. Increased CCN2 expression has thus been
proposed to contribute to the mechanism whereby NOS II knockout mice
exhibit reduced hepatotoxicity in response to acetaminophen (Gardner et al.,
2002). Although TNF-« was originally reported to suppress CCN2 produc-
tion in endothelial cells, smooth muscle cells, and fibroblasts (Lin et al., 1998),
CCN2 expression was reportedly enhanced in HSC following prolonged expo-
sure to TNF-« (Liu et al., 2001). Thus, drug-induced liver injury results in
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complex inflammatory and wound healing processes that involve interacting
cell types and multiple coordinated signaling pathways of which CCN2 is a
component.

HEPATIC REGENERATION

Unlike other vital organs, the liver can regenerate after injury or resec-
tion. Resections of up to two-thirds of the liver are followed by a carefully
orchestrated and fully integrated sequence of events that generally result in
complete restitution of liver architecture and re-establishment of the specific
functions of the liver (Minuk, 2003). Processes in the residual liver include
the induction of cytoprotective mechanisms, deletion of mortally wounded
cells, repair of less damaged survivors, liver cell proliferation to replace the
cells that died, deposition of new matrix, and tissue remodeling to restore
normal hepatic mass and architecture (Diehl, 2002). Regeneration involves
the proliferation of the normally quiescent cell populations within the liver.
Replication proceeds first with hepatocytes, followed by biliary, epithelial,
Kupfter, stellate, and sinusoidal endothelial cells. Regeneration is halted once
liver architecture, function and mass are restored, though abnormal regen-
eration can occur in the face of other confounding factors and thereby con-
tribute to the pathogenesis of liver failure, cirrhosis, and primary liver cancers
(Diehl, 2002).

A common experimental model is partial hepatectomy in which 70% of the
rodent liver is removed. The remaining lobes are left intact and undergo pro-
found compensatory growth over the next few days; in fact only two rounds of
hepatocyte replication are required for complete regeneration, though the pro-
liferative potential of hepatocytes is much greater. This model has become an
important means of analyzing the molecular signals involved in hepatic regen-
eration and it is not surprising that the role of growth-regulatory molecules
in liver regeneration have been studied extensively. Regeneration is initiated
or primed by cytokines such as TNF-« or interleukin 6 and this is followed
by the action of multiple growth factors, most notably hepatocyte growth fac-
tor, epidermal growth factor, and transforming growth factor-«. Activation
of cytokine and growth factor signaling pathways leads to the induction of
transcription factor complexes followed by DNA synthesis and cell division.
TGF-B appears to be involved in terminating the proliferative response once
liver mass is attained (Zimmermann, 2004).

A study of CCN2 production after 70% partial hepatectomy in rats revealed
that it was induced very rapidly (within 2 hours) during the regeneration phase,
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with kinetics that were comparable to the immediate early gene, c-fos (Ujike
et al., 2000). These kinetics were fairly well correlated with those of TGF-3
suggesting that, as in other systems, CCN2 was a TGF-8 immediate early gene
during liver regeneration. It was proposed that CCN2 and TGF-g may func-
tion cooperatively to regulate matrix remodeling prior to the G1-S transition of
regeneration. This was supported by the kinetics of collagen production as well
as the finding that both CCN2 and TGF-8 were localized to fibroblasts and
stellate-like cells in the partial hepatectomy model (Ujike et al., 2000). Regen-
eration in response to the hepatotoxin D-galactosamine was also characterized
by the production of TGF-8 and CCN2, although their kinetics of induction
were delayed as compared to the resection model. This was correlated with
delayed onset of DNA synthesis, possibly due to toxin-induced block in the
hepatocytes (Ujike et al., 2000). Collectively these data show that TGF-8 and
CCN2 are coordinately produced during liver regeneration following injury
by resection or toxin. However, the precise role played by each factor and the
target cells involved requires additional investigation.

HEPATIC CARCINOMA

Hepatocellular carcinoma (HCC) is the fifth most common malignant dis-
order and results in nearly 1 million deaths a year worldwide (Burroughs
et al., 2004). HCC is the most common primary hepatic malignant tumor,
with nearly 1 million new cases annually worldwide. The tumors are hard to
treat, not usually detected early, and are rapidly fatal. HCC is the third cause
of cancer-related death worldwide. Since cirrhosis is the major risk factor for
HCC, Asian and subSaharan African populations have historically suffered
enormously because of chronic infection with hepatitis C (Burroughs er al.,
2004). However, as a result of the high prevalence of hepatitis B in Europe and
the USA, the incidence of HCC is increasing dramatically in Western nations
(Burroughs et al., 2004). HCC is also the leading cause of death amongst cir-
rhotic patients overcoming liver failure. The only curative treatments are sur-
gical resection or liver transplantation, but few patients are eligible for these
procedures (Burroughs et al., 2004).

Progress in combating HCC will rely, at least in part, on the identification of
key molecules that can be therapeutically targeted. Although insufficient data
have so far accumulated to rule CCN proteins in or out as possible targets,
they nonetheless have been implicated in the disease process. For example,
74% of human HCC samples were shown to express CCN1 (also known as
CYRG61) and CCN3 (also known as NOV) while 26% of the samples expressed
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CCN2 (Hirasaki et al., 2001). While CCN1 expression was not elevated relative
to normal liver tissue, expression of both CCN2 and CCN3 was significantly
higher than in surrounding non-tumor tissue. Nonetheless, there was no appar-
ent relationship between expression of CCN2 or CCN3 and clinicopathogical
parameters (Hirasaki et al., 2001). CCN1-3 were expressed by metastatic liver
tumors though their respective roles in metastasis as well as their pathological
significance has yet to be addressed. Also, CCN2 was identified as an early
response gene that was activated by TGF-8 in FaO hepatoma cells and was
proposed to play a role in TGF-g-mediated apoptosis (Coyle et al., 2003).
Expression of CCN4 (also known as WISP-1 or ELM-1) was not detected
in normal livers yet it was apparent in 49% of cholangiocarcinomas studied
(Tanaka et al., 2003). Expression of CCN4 was significantly associated with
lymphatic and perineural invasion of tumor cells and a poor clinical prog-
nosis (Tanaka et al., 2003). While further studies are required to understand
their role in HCC, CCN2, CCN3 and CCN4 may play a role in cell prolif-
eration, adhesion, or migration within the primary tumor or its metastatic
lesions.

HEPATIC FIBROSIS

Hepatic fibrosis, caused by hepatitis and other chronic liver diseases, is a major
cause of morbidity and mortality throughout the world. Liver fibrosis is a
wound healing response in which damaged regions are surrounded by ECM
or scar. Chronic liver disease often leads to scarring and is frequently accom-
panied by a progressive loss of liver function and cirrhosis, a combination of
cell death, fibrosis and regeneration. Cirrhosis is usually initiated by consistent
and persistent cell death over a long period. Fibrosis is the central pathological
process and the disease is typified by the formation of nodules that arise due
to hepatocyte regeneration within the confines of fibrous septa. Most cases
(60-70%) of liver cirrhosis in the Western world are caused by alcoholic liver
disease while cryptogenic cirrhosis, viral hepatitis, biliary diseases and hered-
itary haemochromatosis make up the remaining 30-40% of cases (Crawford
et al., 2002). Liver cirrhosis is the ninth leading cause of death in the West,
with half of the cases due to alcohol abuse. Annually, it accounts for 27,000
deaths in the USA and 6000 deaths in the UK (Crawford et al., 2002). World-
wide, millions of individuals suffer from cirrhosis of the liver. Since there are
no FDA-approved anti-fibrotic drugs, treatment modalities for liver fibrosis
and chronic liver disease are a huge untapped market for biotechnology and
pharmaceutical companies.
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Hepatic Stellate Cells in Liver Fibrosis

In healthy subjects, the ECM in the Space of Disse is of low density and
functions in maintaining normal homeostasis of the surrounding cell types.
However, during fibrosing liver injury, a high density ECM comprised mainly
of fibrillar collagens becomes deposited that eventually severely limits cell and
tissue function. The striking change in the amount and composition of ECM
levels is principally a reflection of a functional change by HSC in response to
tissue injury. HSC are the major fibrogenic cell type in the liver and signals from
these cells drive the formation as well as degradation of ECM. A central event
in liver fibrosis is the activation of HSC from quiescent vitamin A-rich cells
to vitamin A-deficient, proliferative, fibrogenic and contractile myofibroblasts
that express «-SMA, type 1 collagen and tissue inhibitors of metalloproteases
(Britton and Bacon, 1999; Burt, 1999; Eng and Friedman, 2000; Friedman,
1999; 2000). Thereafter, activated HSC demonstrate perpetuation which
involves changes in cell behavior, proliferation, chemotaxis, fibrogenesis, con-
tractility, matrix degradation, retinoid loss, leukocyte chemotaxis, and cytokine
release (Friedman, 1999; 2000). Collectively, these changes increase ECM accu-
mulation such that HSC become the principal effector cells of the fibrotic
response.

Although the notion has existed that fibrosis is non-reversible, this is not
actually true. Reversal of hepatic fibrosis has, in fact, been documented in
patients after venesection for hemochromatosis, immunosuppresive therapy
of autoimmune chronic active hepatitis and primary biliary cirrhosis, antivi-
ral treatment of chronic hepatitis B and chronic delta hepatitis, and biliary
decompression for chronic pancreatitis and stenosis of the common bile duct
(Dufour et al., 1997; Hammel et al., 2001; Kaplan et al., 1997; Kweon et al.,
2001; Lau et al., 1999; Powell and Kerr, 1970; Wanless, 2001). While these
outcomes involved small patient numbers and have not been verified, a more
compelling argument comes from a retrospective analysis of four clinical trials
involving more than 3000 chronic hepatitis C patients randomized to treatment
with interferon and/or rabivarin (Poynard et al., 2002). Antiviral therapy had
major beneficial effects on liver fibrosis and even cirrhosis was reversed in 49%
of the patients (Poynard et al., 2002). Thus, while the idea that severe fibrosis
or cirrhosis inevitably leads to liver transplantation or death was once con-
sidered the dogma, these diseases are now believed to be largely reversible by
attacking the primary disease or reducing scarring (Friedman and Arthur,
2002). The underlying basis for the latter is that each step fibrogenesis is poten-
tially amenable to therapeutic targeting. Strategies that target the activation
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and survival of HSC in addition to the ability of HSC to deposit as well as
degrade collagen and secrete matrix metalloproteinases (MMP) and tissue
inhibitors of metalloproteases (TIMP) are promising starting points for treat-
ing and reversing advanced fibrosis and cirrhosis. As will be discussed below,
CCN2 activates both fibrogenic and anti-apoptotic pathways in HSC suggest-
ing that it is a rational target in an anti-fibrotic regime.

CCN2 and Hepatic Fibrosis
Human disease

Over the last few years, data reported have provided persuasive evidence that
CCN2 mRNA and protein levels are correlated with the degree of hepatic
fibrosis, irrespective of the underlying etiology. Northern blot analysis showed
that, as compared to normal livers, CCN2 and TGF-81 mRNA expression
was 6- to 8-fold higher in cirrhotic livers from patients with chronic viral
hepatitis, PBC, PSC, cryptogenic and alcoholic liver disease (ALD) (Abou—
Shady et al., 2000). Elevated levels of CCN2 mRNA were also present in livers
from patients with non-alcoholic steatohepatitis (NASH) and the degree of
fibrosis was correlated with CCN2 protein levels in the ECM (Paradis et al.,
2001). Similarly, ribonuclease protection assay analysis of cirrhotic livers from
patients with primary biliary cirrhosis (PBC), primary sclerosing cholangi-
tis (PSC) or biliary atresia showed that CCN2 mRNA in fibrotic livers was
elevated 3-5-fold as compared to their normal counterparts (Williams et al.,
2000). Immunohistochemical staining of normal and hepatitis C livers showed
that increased CCN2 protein levels were linked with a higher score of fibrosis
(Paradis et al., 1999).

In situ hybridization of cirrhotic livers resulting from PBC, PSC, cryp-
togenic, ALD and chronic viral hepatitis, contained marked CCN2 staining
in fibroblast and myofibroblast-like cells within the fibrotic portal tracts and
fibrous septa (Abou-Shady er al., 2000; Hayashi et al., 2002; Konishi et al.,
2001). CCN2 mRNA was also observed in HSC, myofibroblast-like spindle
cells around proliferating ductules, a few duct and ductular epithelial cells,
inflammatory cells, and sinusoidal and vascular endothelial cells (Abou—Shady
etal.,2000; Paradis et al., 1999). CCN2 protein staining was observed in portal
tracts, the ECM of the fibrous septa, sinusoidal lining and in the proliferat-
ing bile ducts in hepatitis C diseased livers (Hayashi er al., 2002; Paradis et al.,
1999). Additionally, many cells in fibrotic liver that stained for «-smooth muscle
actin (¢-SMA) were also shown to contain CCN2 protein (Paradis et al., 1999).
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In congenital hepatic fibrosis, which is marked by profound hyperplasia of the
bile ducts, CCN2 mRNA and protein are strongly expressed by bile duct epithe-
lial cells (Rachfal and Brigstock, 2003). In ALD, hepatocytes may be an impor-
tant source of CCN2 since it is produced in cultured HepG?2 cells downstream
of CYP2EI-mediated ethanol oxidation (Konishi et al., 2001; Konishi et al.,
2002). Patients suffering from idiopathic portal hypertension demonstrated
enhanced CCN2 expression in their periductal mononuclear cells and this was
correlated with collagen and elastin deposition and the presence of activated
HSC and pericellular fibrosis (Tsuneyama et al., 2002). Hence, while its mode
of action and timing of production may vary according to the initial hepatic
insult and type of damage, CCN2 has the potential of being produced by vir-
tually all major cell types in the liver. Furthermore, high intra-hepatic levels of
CCN2 are associated with its entry into the circulation since, as compared to
control subjects, serum CCN2 levels were higher in patients with biliary atresia
and were correlated with the progression of liver fibrosis (Tamatani ez al., 1998).

Animal models of hepatic fibrosis

Examination of mRNA by real-time PCR or reverse transcriptase PCR showed
that hepatic CCN2 and collagen expression was increased with the degree of
fibrosis following bile duct ligation (BDL) or CCly treatment in rats (Paradis
et al., 1999; Williams et al., 2000). In the BDL model, TGF-g and CCN2
mRNA were increased 4- and 7-fold, respectively, as compared to normal liver
(Sedlaczek et al., 2001). Both CCN2 and TGF-8 mRNA increased 6 hours post
CCly administration and levels peaked at 72 hours (Sedlaczek er al., 2001). The
main site of CCN2 mRNA in BDL livers was proliferating bile duct epithelial
cells, though the protein was present in the fibrous septa as well as in areas
of ductular proliferation (Paradis et al., 1999; Sedlaczek et al., 2001). TGF-8
was only expressed at minimal levels in these cells but was highly expressed in
the surrounding HSC (Sedlaczek et al., 2001). In contrast, in the CCls model,
CCN2 mRNA was expressed at high levels in HSC and the protein was local-
ized to fibrous septa and centrilobular regions (Paradis et al., 1999; Sedlaczek
etal.,2001). Lastly, CCN2 mRNA and protein were up-regulated in the obesity
and type Il diabetes Zucker (fa/fa) rat as compared to the wild-type counterpart
(Paradis et al., 2001).

CCN?2 biology in cultured HSC

Substantial data have shown that CTGF is produced by HSC as a function of
activation or in response to stimulation of the cells by pro-fibrotic molecules or
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growth factors. Cultured activated primary HSC were found to contain CCN2
by Western blotting (Paradis ez al., 1999) and both Northern and Western blots
demonstrated CCN2 was increasingly expressed during progressive activation
of cultured primary rat HSC (Williams et al., 2000). In primary HSC from a
CCly-treated rat, CCN2 was localized exclusively to the Golgi apparatus and
was quantitatively secreted into the medium (Chen et al., 2001). Additionally,
both intermediate and activated cultured HSC were induced by TGF-81 to
express CCN2 mRNA and protein (Gao and Brigstock, 2003; Williams ez al.,
2000) while CCN2 promoter activity was enhanced in a Smad7-dependent
fashion by TGF-8 or PDGF in HSC transfected with a CCN2 promoter
luciferase reporter construct (Gao et al., 2004). CCN2 mRNA expression was
also induced in HSC treated with VEGF, lipid peroxidation products, acetalde-
hyde or PDGF-BB (Paradis et al., 2002). In the HSC-T6 cell line, CCN2 pro-
duction was stimulated by TGF-81 or CCN2 itself (Rachfal and Brigstock,
2003) while HSC from fa/fa rats incubated with glucose or insulin showed
a TGF-g-independent increase in CCN2 mRNA and protein (Paradis et al.,
2001). Although these data show that CCN2 is produced as a function of HSC
activation or under circumstances that support activation, the relative contri-
bution to the activation process of CCN2 derived from HSC as compared to
the other cells in the liver remains uncertain.

In addition to their production of CCN2, HSC also respond to exoge-
nous stimulation by CCN2 suggesting that CCN2 is involved in autocrine
and paracrine regulation of HSC function. Treatment of rat HSC with CCN2
induced migration and proliferation, the latter of which was associated with
transient induction of c-fos activation and activation of the ERK1/2 signal
pathway (Gao et al., 2004; Paradis et al., 2002). In addition, CCN2 induces
expression of e-SMA and type I collagen by HSC, consistent with a role in acti-
vation and fibrogenesis (Paradis et al., 2002). When targeted in vivo with anti-
sense CCN2 oligonucleotides, HSC showed reduced type I collagen expression
although fibrosis in general did not seem to be affected (Uchio et al., 2004). The
authors speculated this was due to the continued high levels of tissue inhibitor
of matrix metalloproteinase-1 expression (Uchio et al., 2004).

Several studies have shown that CCN2 is an adhesive substrate for HSC and
that adhesion to CCN2 is sufficient to trigger specific changes in HSC gene
expression. Both the HSC-T6 cell line and activated primary HSC demon-
strate adhesion to CCN2, whereas freshly isolated HSC do not (Ball et al.,
2003; Gao and Brigstock, 2004; Rachfal and Brigstock, 2003). The principal
cell surface receptors involved in HSC adhesion are integrin av33, which binds
to a unique non-RGD site in module 4 of CCN2 (Gao and Brigstock, 2004),
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and LRP, which binds to a site in module 3 (Gao and Brigstock, 2003). LRPisa
multifunctional scavenger, signaling, and adhesion receptor (Herz and Strick-
land, 2001) that may be responsible for the binding by HSC of ?°I-labeled
CCN2 and its subsequent internalization and degradation in the endosome
(Chen et al., 2001; Segarini et al., 2001). The partnering of CCN2 with either
LRPorintegrin wv 83 is modulated by cell surface HSPG since binding to either
site can be blocked by soluble heparin or by treating the cells with heparinase
to sodium chlorate which prevents HSPG sulfation (Gao and Brigstock, 2003;
Gao and Brigstock, 2004). The integrin av83- and heparin-binding properties
of CCN2 are mimicked by a fragment of CCN2 comprising essentially mod-
ule 4 alone (Ball et al., 2003; Gao and Brigstock, 2004). This fragment arises
naturally in vivo via limited proteolysis and stimulates fibroblast cell prolifera-
tion, «-SMA production in epithelial cells and HSC, and subcutaneous fibrosis
in vivo (Ball et al., 2003; Brigstock et al., 1997; Rachfal and Brigstock, 2003).
Limited proteolysis of CCN2 also occurs in HSC cultures (Gao et al., 2004;
Williams et al., 2000) and yields a 20 kDa C-terminal fragment that comprises
modules 3 and 4 that has similar biological activities (Ball ef al., 1998; Ball and
Brigstock, 2001).

In assessing the potential biological significance of the effect of CCN2 on
HSC adhesion and down-stream signaling, gene arrays were performed on
HSC that has been allowed to bind either to CCN2 or poly-I-lysine. As shown
in Fig. 2, CCN2 induced an 11-fold increase in collagen pro-a1 type mRNA,
a 2-fold increase in FN, and a 6-fold increase in TIMP-1, while eliciting a
4-fold decrease in caspase 8 expression. As assessed by RT-PCR, expression of
hepatocyte growth factor (HGF) by primary HSC was reduced 30% following
adhesion of the cells to CCN2 for 8 hours. Further, HGF expression was
reduced 80% following adhesion of the HSC-T6 cell line to CCN2 for 8 hours
(D.R.B. and A.W.R., unpublished data). Thus adhesive signaling via CCN2 in
HSC causes an up-regulation in the expression of pro-fibrogenic molecules but
a down-regulation in the expression of pro-apoptotic molecules. Collectively,
CCN?2 likely drives or maintains HSC fibrogenic and survival pathways in
activated HSC. That being the case, reversion or apoptosis of activated HSC
may be achieved by the development of anti-fibrotic strategies that target CCN2
production or action.

SUMMARY AND PERSPECTIVES

CCN proteins appear to play a role in many aspects of liver dysfunction. Their
expression is triggered in various cell types during injury or disease, although
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Fig. 2. Genes up- or down-regulated following adhesion of primary activated HSC to CCN2.
Primary activated HSC were plated on 100 mm non-tissue culture plates that had been coated with
0.01% poly-L-lys (control) or 3 pg/ml 38 kDa full length CCN2. 8 hours later, total RNA was col-
lected and labeled with a-[>2P]-dCTP and hybridized to a GEArray Q Series Mouse Angiogenesis
Gene Array (A) or a GEArray Q Series Mouse Extracellular Matrix & Adhesion Molecules Gene
Array (B). Developed blots were analyzed with the ScanAlyze program. This figure represents one
of two experiments and is typical of the data obtained. Numbered circles refer to genes up- or
down-regulated more than 0.5-fold from the control.

their precise function is not yet well defined. Additional studies need to be
undertaken to more carefully establish the role of CCN proteins in hepatic
development, differentiation, and pathology and to determine to what extent
the various family members exhibit distinct, shared, or antagonistic functions.
CCN signaling via integrins likely represents a highly adaptable mechanism,
whereby cell function is regulated in a complex fashion according to the stimuli
generated within normal, injured or diseased liver tissue.
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Studies of CCN2 in liver, coupled with similar studies in other organ
systems such as the skin and kidney, have suggested that CCN2 may offer
a new lead as a therapeutic target in fibrosis (Blom et al., 2002; Denton and
Abraham, 2001; Goldschmeding et al., 2000; Leask et al., 2002; Riser and
Cortes, 2001). It is not yet known whether the pro-fibrotic properties of CCN2
are unique or if they are shared with other CCN family members. Nonethe-
less, a strong case is emerging for an important role of CCN2 in liver fibrosis,
especially as a downstream mediator of the actions of TGF-8. It is fairly clear
that HSC are one of the principal target cells for CCN2 and there is optimism
that the deleterious functions of HSC in fibrosis or cirrhosis may be targeted,
at least in part, using anti-CCN2 strategies. The challenge ahead will be to
determine which aspects of the CCN2 biosynthetic or signaling pathways are
amenable to therapeutic intervention.
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Gene expression patterns and numerous in vitro experiments suggest that
CCNsmay be required for multiple aspects of mammalian development. Roles
for several CCN genes during mammalian development have been elucidated
through genetic analysis in mice and humans. Mice lacking Ccnl are char-
acterized by insufficient placental vascularization and defective embryonic
vasculature, confirming an essential and novel role for CCNI1 in angiogene-
sis. Loss of Ccn2 in mice results in multiple defects in skeletal development,
including impaired chondrocyte proliferation, decreased production of extra-
cellular matrix components, and defective growth plate angiogenesis. Muta-
tions in Ccn6 in humans are associated with defects in post-natal maintenance
of articular cartilage. These genetic analyses have also shed light on signaling
pathways utilized by CCNs and have revealed key molecular targets of CCN
gene action.

INTRODUCTION

Ccn genes encode secreted proteins that are associated with the extracellular
matrix. Gain-of-function studies have demonstrated that they are capable of
mediating diverse cellular processes such as adhesion, proliferation, migra-
tion, and differentiation. With respect to in vivo activities, CCNs have been
studied most extensively in the context of disease. CCN1, CCN2, CCN3, and
CCN4 have all been implicated in tumor progression and metastasis. Studies
employing gain-of-function and anti-sense approaches, in conjunction with
correlations between CCN expression levels and tumor progression, indicate
that CCNs promote or inhibit tumor progression, depending on the tumor
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type (reviewed in Planque and Perbal, 2003). Aberrant expression of CCN1 is
associated with vascular disease, but its role in disease progression is unknown
(reviewed in Mo et al., 2002). The most extensively studied member of the
CCN family, CCN2, plays a vital role in all fibrotic diseases studied to date.
CCN2 is induced by TGFB and potentiates the ability of TGFS to induce
excess extracellular matrix (ECM) synthesis (reviewed in Leask et al., 2004).

The roles of CCNsin normal physiological events are less understood. CCN
genes are expressed broadly throughout the developing mammalian embryo
starting from early stages of development. Regions of CCN expression include
the cardiovascular, nervous, pulmonary, reproductive, secretory, and skeletal
systems (reviewed in Brigstock, 1999). Hints about the functions of CCNs in
development have come from in vitro assays, but in order to determine which
activities are relevant for mammalian development, the CCN gene must be
rendered non-functional in vivo. This review will discuss how the inactivation of
three CCN genes — Ccnl and Ccn2 in mice and Cen6 in humans — reveals that
CCNs are essential regulators of angiogenesis, chondrogenesis, and skeletal
maintenance in mammals.

CCN1

CCNI1 (Cyr6l) is expressed throughout the developing mouse embryo and
placenta, with highest levels in the cardiovascular and skeletal systems. Addi-
tional sites of expression include portions of the developing central nervous sys-
tem, including the forebrain and floorplate, somites, and notochord (Latinkic
et al., 2001). Within the placenta, CCNI is expressed in trophoblast giant cells
and in endothelial cells of placental vessels (O’Brien and Lau, 1992; Latinkic
et al., 2001). In the cardiovascular system, CCN1 expression is detected in
major blood vessels and the heart (O’Brien and Lau, 1992; Latinkic et al.,
2001). CCNI1 is also expressed in the allantois and chorion prior to chorioal-
lantoic fusion (Mo et al., 2002). In the developing skeletal system, CCNI1
is expressed in the cartilage of many skeletal elements. In these elements,
CCNI1 is first expressed in condensing mesenchyme, with expression persist-
ing throughout the stages of chondrogenesis (O’Brien and Lau, 1992). The
strong expression of CCNI1 in the developing cardiovascular and skeletal
systems suggests that it might play important roles in angiogenesis and/or
chondrogenesis.

A potential role for CCN1 as a regulator of cardiovascular develop-
ment is suggested by its potent pro-angiogenic properties. These have been
studied extensively through in vitro assays which show that CCN1 positively
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regulates endothelial cell adhesion, migration, survival, tubule formation, and
neovascularization at least in part via binding to integrin receptors (Kireeva
et al., 1996; Babic et al., 1998; Leu et al., 2002; Leu et al., 2003). CCNI1 can
also promote endothelial cell proliferation by cooperating with growth factors
(Kireeva et al., 1996). In accordance with the expression of Ccnl in developing
cartilage, in vitro assays also suggest a role in chondrogenesis. CCN1 promotes
aggregation and differentiation, demonstrated by enhanced nodule formation
and expression of type II collagen (Wong et al., 1997).

The generation and analysis of Ccnl null mice confirms an essential and
novel role for CCNI in angiogenesis. The majority of mutants die in midges-
tation. Approximately one-third of all mutants die by E10.5 due to failure
of chorioallantoic fusion [Fig. 1(A)] (Mo etal., 2002). A second class of mutants
survives past the chorioallantoic fusion event, but these mice die during
midgestation of embryonic and placental vascularization defects [Figs. 1(E),
(F)]. Placental vascularization is accomplished by sequential processes of non-
sprouting angiogenesis (in which one set of parental vessels elongates and
bifurcates extensively into a vessel network), and sprouting angiogenesis (in
which new vessels sprout from the existing vessel network). Ccnl mutant pla-
centas have impaired vessel bifurcation and fewer vessels of embryonic origin.
Embryonic vasculature is also defective. Major blood vessels such as the dorsal
aorta and umbilical artery are weak, dilated, and susceptible to hemorrhage as
a consequence of disorganized vessel structure (Fig. 2). It is hypothesized that
these defects arise from impaired interactions between smooth muscle cells,
endothelial cells, and the ECM (Mo et al., 2002). In addition to promoting
the growth of the initial vessel network, the mutant shows that CCN1 is an
essential regulator of later vascular remodeling. While recruitment of smooth
muscle cells and pericytes to the blood vessel still occurs in Cenl mutants,
the highly disorganized nature of the vessels suggests that CCNI1 is required
for the proper interaction of the cells and ECM that comprise the vessels.
Thus, the mutant phenotype confirms essential and novel roles for CCN1 in
multiple aspects of angiogenesis. In accordance with the phenotype, in which
non-sprouting angiogenesis is affected but sprouting angiogenesis is not, the
non-sprouting angiogenesis marker Vegf-C is decreased in mutant vasculature,
while other angiogenesis markers are not affected. In vitro studies with fibro-
blasts, in which CCN1 treatment upregulates Vegf-C mRNA expression, further
support the idea that CCNI1 is an endogenous regulator of Vegf-C expression
(Mo et al., 2002). Interestingly, not all VEGF isoforms are downregulated in
mutants; Vegf-A, the predominant VEGF isoform and an essential regulator
of sprouting angiogenesis, is detected at wild-type levels.
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Fig. 1. (A) Chorioallantoic fusion in WT embryos, with the allantois attached to the placenta
(white arrow). In some Cenl~/~ embryos, the allantois (white arrowhead) fails to fuse with the
placenta, resulting in atrophy. (B) WT E11.5 embryos. (C) Ccnd ~/~ embryos at E11.5 show suc-
cessful chorioallantoic fusion but display vascular deficiency in the chorionic plate. (D) WT E14.5
embryo. (E) Cenl™/~ embryo that developed to E14.5, exhibiting edema (arrowhead) and hem-
orrhage (arrow). (F) Other embryos obtained from E14.5 litters. These embryos were moribund,
showing evidence of hemorrhage from the umbilical artery, filling the amnion. (Adapted from Mo
et al., 2002. Reprinted with permission.)

The apparent requirement for Ccnl in some angiogenic processes, such as
nonsprouting angiogenesis, but not in others (sprouting angiogenesis), is unex-
pected given the potent pro-angiogenic activities of CCN1 in vitro. In contrast
to the situation in vivo, in microarrays and in vitro assays CCN1 upregulates
both Vegf-A and Vegf-C levels in fibroblasts (Chen ef al., 2001). The basis for
this difference warrants further investigation, as does the role of CCNI1 in
promoting chorioallantoic fusion.
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Fig. 2. Hematoxylin and eosin staining shows disorganized vascular cells (B) in the Cenl—/—
dorsal aorta compared to that for the wild-type (A). (Adapted from Mo er al., 2002. Reprinted
with permission.)

CCN2

CCN2 (Connective tissue growth factor, or CTGF) is expressed in many tis-
sues during development, including the vascular, skeletal, and nervous sys-
tems. Thus, CCN1 and CCN2 are extensively co-expressed. Ccn2 mRNA
is found in the heart and endothelial linings of major arterial blood ves-
sels (Friedrichsen et al., 2003). In neural tissues, Ccn2 is expressed in the
brain and neural tube, where it marks the cerebral cortex and olfactory bulb
(Friedrichsen et al., 2003; Ivkovic et al., 2003). Ccn2 expression in cartilage
is first detected at E12.5 in the perichondrium. This domain of expression
expands to include proliferating and maturing cells, with highest levels in
hypertrophic chondrocytes (Nakanishi ez al., 1997; Ivkovic et al., 2003). CCN2
expression persists in adult cartilage in hypertrophic and articular chondro-
cytes (Fukunaga et al., 2003). The strong expression of Ccn2 in vascular and
skeletal tissues suggests that it may play an important role in their develop-
ment. CCN2 promotes multiple processes related to angiogenesis, including
endothelial cell migration, adhesion, survival, and proliferation in vitro, as
well as neovascularization in vivo (Babic et al., 1999; Brigstock, 2002). With
respect to chondrogenesis, CCN2 stimulates proliferation of chondrocytes and
promotes type II collagen and proteoglycan synthesis, a hallmark of differenti-
ation. CCN2 also increases alkaline phosphatase activity, a marker for termi-
nally differentiated hypertrophic chondrocytes (Nakanishi ez al., 2000; Nishida
etal.,2002).

Loss of CCN2 has significant consequences for skeletal development. Ccn2
null mutants die within minutes of birth due to skeletal defects; many bones
are kinked as a consequence of deformities in the cartilaginous template prior
to the onset of ossification [Figs. 3(A), (C)]. Mutants also have defects in the
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Fig. 3. (A) Sagittal views of neonatal rib cages showing deformation of cartilage and kinks
in bone in Ccn2 mutant. (B) Side views of neonatal skulls showing domed skull and shortened
mandibles (arrow). (C) Cleared skeletal preparations of neonatal limbs showing deformations
(arrowheads) in the radius and ulna, and tibia and fibula. (Adapted from Ivkovic er al., 2003.)

craniofacial skeleton, including a domed skull and deformed Meckels and nasal
cartilages [Fig. 3(B) and Ivkovic et al., 2003]. The earliest stages of chondroge-
nesis are not impaired in the Ccn2 mutant. Differences between wild type and
mutant littermates are first apparent at E14.5, when mutant growth plates have
decreased numbers of proliferating cells and enlarged hypertrophic zones, sug-
gesting that CCN2 functions in later stages of chondrocyte proliferation and
differentiation (Ivkovic et al., 2003). There are also differences in the cartilage
ECM. Matrix components such as aggrecan and link protein are decreased,
demonstrating that CCN2 is an important regulator of ECM synthesis in vivo
and confirming previous in vitro studies (Nakanishi ez al., 2000; Ivkovic et al.,
2003). As cartilage derives its elasticity and tensile strength from the ECM,
defective ECM synthesis is probably responsible for the defects in the shapes
of bones.
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Fig. 4. (A) Plastic sections through the growth plate of PO femora stained by the method of
von Kossa. Hypertrophic chondrocyte columns are disorganized in Ccn2 mutants, with fewer
capillaries invading the cartilage matrix. (B) Sections through PO femora demonstrate that mutants
are osteopenic. (Adapted from Ivkovic er al., 2003.)

In the growth plate of Ccn2 mutants, the hypertrophic zone is disor-
ganized and contains few intact blood vessels (Fig. 4). Within the growth
plate, VEGF-A promotes angiogenesis (Gerber et al., 1999). Vegf-A levels are
reduced in hypertrophic cartilage, suggesting that CCN2 regulates growth plate
angiogenesis by regulating Vegf-A expression (Ivkovic et al., 2003). In addi-
tion to decreased Vegf-A expression, Ccn2 mutants have decreased numbers
of matrix metalloproteinase 9 (MMP9)-producing osteoclasts/chondroclasts
in the region of the hypertrophic zone. MMPs are essential regulators of
growth plate angiogenesis that degrade ECM, permitting the invasion of
blood vessels and promoting the release of sequestered angiogenic fac-
tors (Sternlicht and Werb, 2001). Decreased numbers of MMP9-producing
cells in growth plates of Ccn2 mutants, in conjunction with decreased
expression of specific ECM components, suggests that CCN2 regulates
growth plate angiogenesis in part by modifying ECM turnover (Ivkovic
etal.,2003).

The phenotype of the Ccn2 mutant highlights the importance of loss-of-
function animal models in discerning gene action. Some aspects of the Ccn2
mutant phenotype are consistent with in vitro studies, such as the role of
CCN2 in promoting chondrocyte proliferation and expression of several ECM
components. However, other aspects of the phenotype are unexpected. For



142 Dornbach LM & Lyons KM

example, while CCN2 upregulates the expression of types II and X collagen
in vitro, Ccn2 mutants do not have lower levels of collagens II and X, demon-
strating that not every in vitro function is relevant under physiological condi-
tions. The growth plate angiogenesis phenotype is also somewhat unexpected;
while CCN2 has been implicated as a pro-angiogenic factor in vitro (Babic et al.,
1999; Shimo et al., 1999), the specific requirement for CCN2 in growth plate
angiogenesis was not expected. Thus, the angiogenic activity of CCN2 dur-
ing development is more restricted than its expression pattern would suggest.
Whether this is due to functional redundancy with other CCN family members
is an important, and unanswered, question. Finally, the Ccn2 mutant pheno-
type reveals that VEGF expression is dependent on CCN2 activity in hyper-
trophic chondrocytes, a regulation that was not previously suspected from
in vitro data.

CCNo6

Compared to CCN1 and CCN2, far less is known about the in vivo functions
of other CCN family members. However, an essential role for CCN6 (WISP-3)
has been demonstrated in humans. CCN6 was first identified as a target of
the canonical Wnt signaling pathway (Pennica et al., 1998). While CCNG6 is
expressed in several tumor types, little is known about its expression in the
embryo.

In humans, Ccn6 mRNA is detected in fetal kidney (Pennica et al., 1998), as
well as in primary synoviocytes and chondrocytes (Hurvitz et al., 1999). How-
ever, in situ hybridization studies have failed to localize Ccn6 within developing
skeletal elements, perhaps due to low levels of expression (Hurvitz et al., 1999).
Overexpression of CCN6 in human chondrocytic cell lines increases expres-
sion of type II collagen and aggrecan (Sen et al., 2004), a finding reminiscent of
the ECM-inducing properties of CCN1 and CCN2, but the potency of CCN6
compared to CCNs 1 and 2 is unknown. Loss-of-function mutations in Ccn6
cause the recessive disorder progressive pseudorheumatoid dysplasia (PPD),
a condition involving joint degeneration manifesting in children as stiffness
and swelling of joints (Fig. 5). Articular cartilage is progressively destroyed
(Hurvitz et al., 1999). Examination of the cartilage reveals that the columnar
organization of the growth plate is disturbed, and abnormal clusters of chon-
drocytes appear, as seen in arthritic cartilage attempting repair. The apparent
lack of an embryonic phenotype indicates that CCN6 is required for post-natal
skeletal growth and cartilage homeostasis. The phenotype is thus distinct from
that of Ccn2 mutants.
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Fig.5. (A) Enlargement of proximal interphalangeal joints (arrows) of a PPD patient. (B) Hand
radiograph demonstrating enlargement of epiphyseal and metaphyseal portions of metacarpals
and phalanges. (C) Knee radiograph demonstrating enlargement of femoral and tibial epiphy-
ses and narrowing of the joint space (arrows). (D) Lateral spine radiograph demonstrating flat-
tening and interior beaking (arrow) of the thoraco-lumbar spine. (Adapted from Hurvitz et al.,
1999. Reprinted with permission from Nature Publishing Group.)

CCNS, INTEGRINS, AND THE ECM

While the Cenl and Cen2 knockouts have provided novel insights into the func-
tions of these genes, there are many unanswered questions. One of the most
important of these is the mechanism of CCN action. Both CCN1 and CCN2
bind to multiple integrins (reviewed in Lau and Lam, 1999), triggering intra-
cellular signaling cascades that regulate transcription, alter cytoskeletal orga-
nization, and promote cell proliferation, differentiation, survival, and shape
changes (reviewed in Bokel and Brown, 2002). While these integrin-mediated
activities are sufficient to account for the mutant phenotypes, it not known
whether integrins are required to mediate CCN signaling in vivo. The pheno-
types of integrin mutants (e.g., Bader et al., 1998; Terpstra et al., 2003) are
consistent with the possibility that most, if not all, of the actions of CCN1
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and CCN2 in angiogenesis and chondrogenesis are mediated by integrins, but
combinatorial and overlapping functions of integrins and their ligands do not
permit the unambiguous assignment of any specific activity of CCN1 or CCN2
to engagement of a specific integrin receptor. Moreover, the fact that CCN1 and
CCN2 bind to multiple integrin receptors further complicates genetic analysis
of these interactions.

CCNI acts as a ligand for the av integrins ayf3 and «y 85 to promote
cell adhesion and migration (Grzeszkiewicz et al., 2001), and mice lacking av
integrins display a phenotype similar to that of Ccn/ mutants. As in Ccnl
mutants, mice lacking av integrins have normal yolk sac vasculature, but the
placenta is frequently undervascularized with fewer embryonic blood vessels
(Bader et al., 1998). Some v mutants have normal placental development, but
like Ccnl mutants, these suffer from hemorrhage (Bader et al., 1998). In Cenl
mutants, the VEGF-R3 signaling pathway may be a downstream target of av
integrin activation. Moreover, the ability of VEGF to promote endothelial cell
survival requires engagement of @v3 (Hutchings et al., 2003), and CCN1 may
somehow enhance this interaction. The av integrin knockout is not entirely
similar to the Ccnl knockout, however; embryonic vascularization outside
of the brain is largely normal (Bader et al., 1998). Similarly, the ability of
CCNI to promote chorioallantoic fusion is most likely not mediated through
av integrins, since this process is normal in oV integrin mutants (Bader ef al.,
1998). Thus av integrins most likely mediate some, but not all, aspects of CCN1
activity in vivo.

Similarities can also be found between the CCN2 knockout and mutants
affecting integrin pathways. CCN2 binds to integrin a1 (Leu et al., 2003),
and this integrin is expressed in cartilage (Aszodi et al., 2003). A require-
ment for A1 integrin-mediated signaling in chondrogenesis is revealed by the
conditional loss of 81 integrin in chondrocytes. 1 mutants exhibit short-
ened bones, disrupted growth plate organization, and delayed ossification and
growth plate angiogenesis. Mutant chondrocytes exhibit defects in cell shape,
cytokinesis, adhesion and motility (Aszodi et al., 2003). Ccn2 mutant chondro-
cytes exhibit similar disruptions in columnar organization and in cell shape
in the hypertrophic zone (Fig. 4). It is thus possible that these phenotypic
similarities arise because CCN2 is a ligand for 81 integrins in chondrocytes.
However, 81 mutants do not exhibit the deformations in long bones seen in
Ccn2 mutants, indicating that the ability of Ccn2 to regulate the synthesis of
multiple ECM components does not exclusively require 81 integrins in vivo.
Another mutant affecting integrin signaling in cartilage, a conditional knock-
out of integrin-linked kinase (ILK), displays moderate chondrodysplasia. As
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in Ccn2 mutants, chondrocyte proliferation is impaired (Terpstra et al., 2003).
Unlike Ccn2 mutants, however, Ik mutants have limbs that are shorter but not
deformed. Thus, the 81 and Ik phenotypes are consistent with the possibility
that CCN2 promotes chondrocyte proliferation through integrins, but do not
shed light on the mechanisms by which CCN2 regulates ECM production and
VEGTF expression in hypertrophic chondrocytes.

The Ccn2 knockout also demonstrates that CCN2 is an essential regula-
tor of the production of multiple ECM components. Among existing mutant
strains, the Ccn2 mutant phenotype most closely resembles that of Sox9 +/—
mice (Bieral., 2001). Sox9 is a transcription factor that is required not only for
commitment to the chondrogenic lineage, but also for the production of many
ECM components, and the regulatory regions of genes encoding these compo-
nents contain binding sites for Sox9. Other mutant phenotypes also support the
hypothesis that a major consequence of loss of Ccn2 is disruption of ECM syn-
thesis. For example, link protein is diminished in Ccn2 mutants, and mice lack-
ing the gene that encodes link protein display some of the same skeletal defects
seen in Cen2 mutants (Watanabe and Yamada, 1999; Ivkovic et al., 2003).

INTERACTIONS OF CCNS WITH GROWTH FACTORS
AND THEIR RECEPTORS

While it is possible that CCNs mediate some of their functions through unique,
non-integrin receptors, specific receptors have not been identified despite inten-
sive searches for them (reviewed in Brigstock, 2003). However, there is evidence
to support an interaction with Wnt receptors. In Xenopus, overexpression and
inhibition of CCNI1 have the same effect of disrupting gastrulation, possibly
due to defective cell adhesion (Latinkic et al., 2003). Overexpression of Cenl
mRNA in Xenopus weakly activates Wnt signaling on its own, but CCNI1
inhibits Wnt signaling in the presence of Wnt ligand. These data suggest that
CCNI1 might be important to maintain Wnt signaling at specific levels (Latinkic
et al., 2003). Ccn2 mRNA overexpression in Xenopus results in an expanded
neural plate, a phenotype that resembles anti-Wnt phenotypes, and CCN2
can interfere with the canonical Wnt pathway by binding to the Wnt recep-
tor LRP-6 (Mercurio et al., 2004). The relevance of these findings to the Ccnl
and Ccn2 mutant mouse phenotypes is unclear, in part because the roles of
LRP-6 in angiogenesis and chondrogenesis are as yet unknown. In Xenopus,
antisense inhibition of Ccnl leads to gastrulation phenotypes, whereas these
are not seen in the mouse. This may reflect species-specific differences in gene
function. However, the possibility that CCN1 and CCN2 mediate some of
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their functions in mammalian development via binding to the Wnt receptors
LRPS5 and LRP-6 warrants further investigation. The possibility of physiolog-
ically significant effects via LRPs in mammals is strengthened by independent
reports showing that can CCN2 bind to LRP (Segarini et al., 2001) and mediate
adhesion (Gao and Brigstock, 2004) in mammalian cells.

CCNs bind to and modify the activity of growth factors in vitro, as is the
case for other matricellular proteins. For example, CCN2 can bind to TGF3
and BMP in vitro, and activate or inhibit, respectively, the abilities of these
growth factors to bind to their receptors (Abreu et al., 2002). At present, the
physiological relevance of these associations is unclear. Loss of Ccn2 does not
yield phenotypes consistent with increased BMP activity, as would be predicted
if a physiological role for CCN2 is to inhibit BMP activity. On the other hand,
the Ccn2 phenotype does bear some similarity to mutants exhibiting reduced
TGF§$ activity. Mice lacking Tgf2 exhibit shortened mandibles and irregular
ribs, defects similar to but less severe than those seen in Ccn2 mutants (Sanford
et al., 1997). Mice lacking Smad3 signals display reduced chondrocyte prolif-
eration (Yang et al., 2001), as is seen in Ccn2 mutants. However, interpretation
of these phenotypic data in terms of physical associations between CCN2 and
TGF B is complicated by the fact that CCN2 is an immediate downstream target
of TGFB, and is known to mediate many of the effects of TGF 8 on cell pro-
liferation and apoptosis (reviewed in Brigstock, 1999). Thus, these phenotypic
similarities may reflect the presence of a pathway in which TGFg signaling
induces CCN2, which then acts as a downstream mediator of TGF g action.

VEGFS ARE DOWNSTREAM TARGETS OF CCN1 AND
CCN2 INVIVO

Both the Ccnl and Ccen2 mutant phenotypes demonstrate that VEGFs are
major, physiologically relevant targets of CCN action during development. In
the Ccnl knockout, the bifurcation and remodeling of initial vessels by non-
sprouting angiogenesis to form a vascular network is severely impaired (Mo
et al., 2002). This unique phenotype is accompanied by decreased expression
of the VEGF-R3 ligand VEGF-C in allantoic mesoderm. Mice lacking Vegf-R3
are defective in non-sprouting angiogenesis. Vegf-R3 mutants form an imma-
ture yolk sac vascular plexus consisting of uniformly sized vessels, but this
immature plexus does not become remodeled into a complex network of small
and large vessels (Dumont et al., 1998). The requirement for VEGF-R3 sig-
naling in vascular remodeling, coupled with defects in vessel bifurcation and
VEGF-C regulation in Ccnl mutants, suggests that CCNI1 exerts some of its
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effects on angiogenesis by activating a VEGF-R 3 pathway to promote vascular
remodeling in the placenta. However, defects in expression of VEGF-C alone
are not sufficient to account for the Ccn/ mutant phenotype, as loss of VEGF-C
does not cause vascular remodeling defects in vivo (Karkkainen et al., 2004).
It is likely that CCN1 regulates the expression and/or activity of other VEGF
isoforms and receptors.

In Ccn2 knockouts, VEGF-A mRNA and protein are downregulated in
hypertrophic chondrocytes where angiogenesis occurs. The importance of
VEGF-A activity in the growth plate has been established in vivo. Inactivation
of Vegf-A in chondrocytes leads to a loss of blood vessel invasion and concomi-
tant expansion of the hypertrophic zone (Gerber et al., 1999; Zelzer et al., 2004).
The mechanism by which CCN2 regulates Vegf-A in the growth plate is not
known, and the relationship between CCN2 and VEGF-A is likely to be com-
plex. The relationship may be indirect, with CCN2 activating integrin pathways
that in turn induce Vegf-A. CCN2 in vitro activates a p42/44 MAPK pathway via
integrins (Chen et al., 2001), and the p42/44 MAPK pathway can induce Vegf-A
expression (Milanini ef al., 1998), although these activities have not yet been
shown to be operative in chondrocytes. Alternatively, CCN2 could regulate
Vegf-A via hypoxia-inducible factor (HIF1«) and/or TGFS. HIF 1a promotes
Vegf-A expression in hypertrophic cartilage (Schipani et al., 2001), and HIF 1«
and TGF B can synergize to activate VEGF expression in vitro (Sanchez—Elsner
et al., 2001). CCN2 might also participate in this process by activating path-
ways such as p42/44 MAPK kinase that lead to stabilization and/or increased
transactivational activity of HIFl«. It is also possible that CCN2 regulates
VEGF activity in the growth plate through physical association. CCN2 can
bind to and inhibit the ability of VEGF-A to induce angiogenesis (Inoki et al.,
2001). Thus, it is possible that CCN2 modulates growth plate angiogenesis
by positively regulating Vegf-A expression and negatively regulating VEGF-A
activity. This latter regulation of activity may involve MMP9, which can release
VEGF from ECM, thereby promoting angiogenesis (Hashimoto et al., 2002).
Exploration of the mechanisms by which CCN1 and CCN2 regulate expression
and activity of VEGF-C and VEGF-A, respectively, should shed considerable
light on physiologically relevant signaling pathways activated by CCNss.

FUTURE DIRECTIONS FOR IN VIVO
ANALYSIS OF CCN FUNCTION

Though CCN1 and CCN2 have broad expression patterns, suggesting that
they participate in the development of multiple tissues, the knockouts exhibit
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restricted phenotypes. For example, CCN1 and CCN2 are co-expressed in a
number of sites, such as the developing nervous system, in which no phenotype
has been reported. One explanation for this would be functional redundancy;
hence the construction of Ccnl/Ccn2 double mutants is required. However,
the early lethality of Ccnl mutants will restrict this analysis to examination of
early developmental stages.

To examine potential functional overlap in other tissues, the generation of
conditional alleles of Ccnl and Cen2 is required. A major unanswered question
is whether CCNI1 collaborates with CCN2 during angiogenesis and/or chon-
drogenesis, or whether these two CCN family members serve unique functions
in these processes. This can be investigated by examination of the phenotypes of
cartilage-specific Ccnl mutants and Cenl/Cen2 double mutants. These exper-
iments will test the possibility that, in spite of nearly identical in vitro activ-
ities, CCN1 and CCN2 fulfill unique functions in tissues in which they are
co-expressed. Conditional alleles will also be a valuable tool for studying the
roles of CCN1 and CCN2 in normal adult tissue homeostasis and in disease
processes where these proteins have been implicated, such as vascular disease,
fibrotic disease, and cancer. Additional genes misregulated in Ccn mutants
need to be identified, as these targets will permit investigations of the signaling
pathways by which CCNs control their expression, providing essential clues
about which of the many proposed modes of CCN action revealed by in vitro
and overexpression studies are physiologically relevant. Finally, generation of
mutant alleles for other CCN family members is required to understand their
individual functions, whether they exhibit functional redundancy with other
CCN family members, and the full spectrum of cellular events regulated by
CCN genes in vivo.
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CHAPTER 8

CCN FAMILY IN EMBRYONIC
DEVELOPMENT (NON-MAMMALIAN
MODELS)

Branko V. Latinkic
School of Biosciences, Cardiff University, Cardiff CF10 3US, Wales, UK

The study of CCN genes in the development of the zebrafish, the frog Xenopus
and the chick has only just begun. The main findings thus far complement
the results obtained in better studied mammalian models. CCN1 in Xenopus
embryos regulates gastrulation movements and can either antagonize or stim-
ulate Wnt signaling, in a context dependent manner. In the same model sys-
tem, CCN2 can also antagonize Wnt signaling, through interaction of its CT
domain with the Wnt receptor complex. In Xenopus embryos CCN2 addi-
tionally antagonizes BMP pathway. The basis of this activity is binding of the
VWC domain to BMP4. These activities likely contribute to the anterioriza-
tion of the nervous system and to the delay in neural differentiation seen in
gain-of-function experiments.

During embryonic development, a single cell is gradually transformed into a
functional organism. This transformation involves numerous regulated pro-
cesses, including cell division, differentiation and migration. These aspects
of development have been studied in great detail, but usually in isolation.
However, it is obvious that all processes occurring in the embryo are carefully
orchestrated. In the developing nervous system, for example, asymmetrical
cell divisions are important not only to generate the bulk of the tissue whilst
maintaining the stem cell population, but are also used to specify different cell
fates through unequal distribution of cellular determinants (Betschinger and
Knoblich, 2004). The formation of the extracellular matrix during develop-
ment does not merely provide the cells with an adhesive surface: for example,
the structural integrity of the notochord, provided by the basement membrane
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laminins, is not only important for the maintenance of the shape of the organ,
but equally for its correct differentiation (Parsons et al., 2002). It is clear that
providing the missing links that integrate numerous embryonic cellular and
molecular processes is the key to a more complete understanding of how an
embryo develops.

As reviewed elsewhere in this book, the versatile CCN proteins can pro-
mote cell adhesion and migration and can modulate cellular proliferation and
signaling, and may therefore have the potential to co-ordinate those activities
during development. Thus, a study of CCN proteins in embryonic development
offers an opportunity to provide an insight into the molecular mechanisms of
integration of multitude of cellular processes during embryonic development.
However, thus far, most of the work on the CCN family has focused on their
biochemical activities and the roles they play in various pathological con-
ditions; comparatively little effort has been devoted to investigation of their
function in embryonic development.

More recently, this has begun to change. For example, very informative null
mutations in CCN1 and CCN2 in mouse embryos have been generated (Mo
et al., 2002; Ivkovic et al., 2003), and are discussed in detail by Dornbach and
Lyons in Chapter 7.

In addition to the work on mammalian models, the initial work on CCN
genes in other model systems, such as Xenopus, zebrafish and chick, has been
reported. Embryos of these organisms develop externally and are amenable
to experimental manipulation. The frog and the fish embryo additionally do
not have an early requirement for functional cardiovascular system, unlike
mouse embryos. Therefore, non-mammalian models are well suited to provide
complementary insight into the role of the CCN family in development. Here
I will provide an overview of these findings, and place them in the context of
CCN biology.

CCN FAMILY ONLY EXISTS IN VERTEBRATES

A hint about the nature of the roles that CCN family might play in develop-
ment comes from comparative genomics. It appears that the CCN family is
vertebrate-specific, as it is not found in the Drosophila genome. Even though
the unique arrangement of the four domains that characterize CCN proteins
seems to be specific for the vertebrates, each of the building blocks (modules)
is similar to the domains present in diverse Metazoan classes.

This is not a unique feature of the CCN family: other modular extracellu-
lar proteins that appear to be present only in vertebrates include fibronectin,
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fibrinogen, vitronectin, VEGF and the collagens. It has been suggested that
vertebrate genes not represented by the fly orthologues may be involved in
the development and homeostasis of the vascular system (Hynes and Zhao,
2000). Elaborate circulatory network and tightly controlled blood homeostasis
are vertebrate novelty, and it is clear that vertebrate-specific extracellular pro-
teins mentioned above are involved in normal development and homeostasis
of blood vessels and blood (Hynes and Zhao, 2000).

For the CCN family, the available genetic information on the consequences
of inactivation of CCN1 and CCN2 in the mouse embryo supports this view
(Mo et al., 2002; Ivkovic et al., 2003). Both mutants are characterized by
the defects in blood vessels formation, and are the focus of the Chapter 7
by Dornbach and Lyons.

CCN FAMILY IN ANAMNIOTES AND BIRDS

Multifunctional CCN proteins are likely to play the roles in development which
are in addition to those in blood vessel formation. This is suggested by their
complex and dynamic expression patterns outside the cardiovascular system
and also by the multitude of their activities. Some of the roles and activities of
CCN genes in early development are beginning to emerge from the work using
Xenopus as a model.

CCN1

CCNI1 cDNAs from the South African clawed frog Xenopus laevis (xCCNI1)
were isolated by degenerate PCR approach (Latinkic ef al., 2003) and inde-
pendently in EST projects. Xenopus CCNI is expressed maternally and zygotic
activation occurs at late neurula stages (Latinkic ef al., 2003). The spatial pat-
tern of expression of XCCNI is similar to the well-described mouse expression
pattern (O’Brien and Lau, 1992; Kireeva et al., 1997; Latinkic et al., 2001; Mo
et al., 2002), and includes the somites, notochord and the heart. The only cur-
rent study on the roles of xCCNI in development, reviewed below, most likely
relates to the early, maternal phase of expression.

xCCNI regulates gastrulation movements

The roles of CCNI1 in early development of the frog embryo were investi-
gated by a combination of gain-of-function and loss-of-function approaches
(Latinkic et al., 2003). Interference with the early function of Xenopus CCN1 by
antisense morpholino oligonucleotides (stable and non-toxic modified oligonu-
cleotides that block translation of their targets) disrupts gastrulation, as does
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overexpression of CCN1 mRNA. In addition, intrablastocoelic (blastocoel is
a primary embryonic cavity that is defined on its top or animal pole by the
“roof” of extracellular matrix that serves as a substrate for migration of the
mesoderm) injection of purified CCN1 protein has the same effect, arguing
that CCNI1 regulates gastrulation movements relatively directly.

Gastrulation is a complex and tightly regulated process that involves
polarized changes in cell shape, directed cell migration, and modulation of the
cell cycle. Simultaneously, the fate of gastrulating cells is specified by inductive
signaling. In the past, very few studies have tackled this process of intimi-
dating complexity, but recently, our understanding of vertebrate gastrulation
has improved significantly. We now know that Wnt signaling, acting through
the non-canonical planar polarity pathway, regulates cell movements during
gastrulation in Xenopus and zebrafish embryos (Wallingford et al., 2002). For
example, Dishevelled constructs, which specifically disrupt planar cell polarity
signalling, interfere with convergent extension (cellular movements that extend
the main body axis through migration towards the midline and through inter-
calation) in both Xenopus (Tada and Smith, 2000; Wallingford et al., 2000) and
zebrafish (Heisenberg et al., 2000). Other components of the Wnt planar cell
polarity pathway, such as RhoA, Rac and JNK, regulate cytoskeletal function,
and thereby cell shape and polarity (Habas et al., 2001; Habas et al., 2003). In
addition, fibronectin and its integrin receptors are now known to be required
for proper execution of convergent extension movements in Xenopus (Marsden
and DeSimone, 2001; Marsden and DeSimone, 2003).

As CCNI1 associates with the extracellular matrix, mediates cell adhesion
and cell migration and chemotaxis and activates intracellular signaling, it is
perhaps not surprising that it might regulate gastrulation through some or all
of those activities. The initial report has suggested that the correct amount
of CCN1 is critical for normal gastrulation to proceed, as both overexpres-
sion of CCNI1 and its downregulation cause similar defects in morphogenesis
(Latinkic et al., 2003). In this respect, CCNI1 resembles other genes involved in
gastrulation movements, where overexpression and inhibition can both cause
disruption of gastrulation (Tada and Smith, 2000).

Some of the effects of CCNI1 on gastrulation may derive from its ability
to support assembly of a fibronectin-rich extracellular matrix in blastocoel
roof, which is the main substrate for migrating mesoderm; it was found that
downregulation of CCN1 disrupts the formation of fibronectin fibrils, without
significantly affecting the total levels of fibronectin. Other effects of CCN1 on
Xenopus gastrulation may derive from its ability to support cell adhesion of
the early gastrula cells, and to regulate cell-cell interactions as well.
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The morphology of embryonic cells plated on CCN1, with large lamellipo-
dia and few or no filopodia, differs from that of cells adherent to fibronectin
(Latinkic et al., 2003) and it seems likely that the behavior of embryonic cells
adherent to the two substrates would differ, with those attached to fibronectin
being more motile than those attached to CCN1. The attachment of embryonic
cells to CCN1 is mediated through its CT domain and it likely requires HSPGs,
since it can be blocked by exogenous heparin (Latinkic et al., 2003). The cellular
receptor that mediates adhesion to CCNI1 in this system was not determined,
but one likely candidate is integrin « 581 (Ransom et al., 1993; Joos et al., 1995).

Interference with cell-matrix adhesion is one way in which manipulation
of CCNI levels might disrupt gastrulation. Another is through interference
with cell-cell adhesion. The depletion of CCN1 from the embryo compromises
CaZ*-induced cell adhesion, arguing that CCN1 may be important for this pro-
cess during gastrulation as well. During gastrulation cells migrate in groups,
or sheets. In addition, radial intercalation and cell sorting during gastrula-
tion require cell-cell interactions. Thus, interference with this cellular behavior
may contribute to defective convergent extension movements.

The link between cell-extracellular matrix and cell-cell interactions may
be direct: recently it was shown that integrin-fibronectin complex activates
cadherin-mediated cell-cell interactions in Xenopus embryo (Marsden and
DeSimone, 2003).

The results presented above implicate CCN1 as an important regulator of
gastrulation movements through its ability to support cell-substrate adhesion,
through its role in the assembly of the extracellular matrix and through its influ-
ence on cell-cell interactions. Given that CCN1 can cause adhesive signaling
and cytoskeletal rearrangements (Chen ef al., 2001) it is possible that these
activities may be involved in regulation of gastrulation movements as well.

XCCNI1 can modulate Wnt signaling

In addition to regulating gastrulation movements, XCCN1 was shown to mod-
ulate Wnt signaling (Latinkic et al., 2003). Thus, CCN1 was found to cause the
formation of complete secondary body axes in Xenopus embryos, a hallmark
of activation of the canonical Wnt/g-catenin signaling pathway. This effect is
likely to be direct, since CCN1 also induces the expression of the direct Wnt
target gene Siamois. The ability of CCNI1 to activate the Wnt/g-catenin path-
way, which is weak compared with that of Wnt pathway components WntS§ or
Dishevelled, is likely to be mediated by the IGFBP domain (domain 1; Fig. 1)
(Latinkic et al., 2003).
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Fig.1. Theactivities of CCN modules in development, based on the work on xCCN1 and xCCN2
(Abreu et al., 2002; Latinkic et al., 2003; Mercurio et al., 2004).

1. (IGFBP domain). Positive Wnt/S-catenin modulation (IGF antagonism?) (CCN1).

2. (VWC domain). Weak BMP antagonism; stimulation of TGF g signaling in cell culture
(CCN2).

3. (TSP domain). Activities in vivo have not been described.

4. (CT domain). Wnt/B-catenin antagonism; interference with convergence-extension
movements (CE; CCN1 and CCN2). Interaction with the Wnt receptor complex (CCN2);
HSPG-dependent adhesion (CCN1).

How CCNI1 activates Wnt/g-catenin pathway is unclear at the present. One
possibility is suggested by recent work, which has shown that the activation of
the IGF receptor in Xenopus embryos inhibits the Wnt pathway (Pera et al.,
2001; Richard-Parpaillon et al., 2002). We can speculate that the domain 1
of CCNI binds endogenous members of the insulin-like growth factor family
and relieves this inhibition.

A separate series of experiments has revealed that, surprisingly, xCCN1
can also inhibit Wnt/gB-catenin signaling, in addition to activating it. Thus,
CCNI prevented the formation of secondary axes in response to Wnt8 and
inhibited activation of a transcriptional target by Wnt8. This inhibition was
found to be mediated by the CT domain (domain 4; see Fig. 1).

Whilst it is currently not known how XCCN1 domain 4 inhibits Wnt sig-
naling, it is interesting to speculate that the abilities of the CT domain to reg-
ulate cell adhesion and to inhibit Wnt signaling may be related. This domain
is required for the adhesion of fibroblasts (Grzeszkiewicz et al., 2001) and
of Xenopus embryonic cells to CCNI1, and it also mediates the interaction
of CCNI1 with heparan sulphate proteoglycans (HSPGs) (Chen et al., 2000).
Exogenous heparin blocks the adhesion of Xenopus cells to CCN1 and this is
likely to occur as a result of competition with cell-associated HSPGs for sites
on CCN1. HSPGs have also been implicated in the regulation of Wnt signaling
(Tsuda et al., 1999; Topczewski et al., 2001), and it is possible that the ability of
CCNI to bind HSPGs is related to its ability to inhibit Wnt signaling. Another
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potential link between cell adhesion and the modulation of Wnt signaling by
CCNI1 might be provided by the integrins, which are the only known receptors
for CCN1 (Bokel and Brown, 2002); (Lau and Lam, 1999; Grzeszkiewicz et al.,
2001). Integrin-mediated adhesion of Xenopus embryonic cells to the extracel-
lular matrix recruits Wnt pathway transducer Dishevelled to the plasma mem-
brane (Marsden and DeSimone, 2001), and this may enhance the ability of
cells to respond to a Wnt signal.

The non-canonical Wnt/planar polarity pathway regulates gastrulation
movements (see above), and it is possible that CCNI1 exerts some of its effects
on the Xenopus embryo through this route. In support of this view, xCCN1
can block convergence-extension movements in a Xenopus embryo explant
assay that is used for characterization of the Wnt/planar polarity pathway.
This activity resides in the domain 4 (CT; Fig. 1); however, it has not yet been
demonstrated that CCN1 directly acts on the Wnt/planar polarity pathway.

It is currently not known what, if any, might be the relevance of the Wnt-
modulating activities of CCNI1 for normal development. Downregulation of
CCNI1 by antisense oligonucleotides in Xenopus embryos leads to a reduction
of Brachyury, an early mesodermal marker known to require Wnt signaling,
and this might be a consequence of attenuation of the canonical Wnt pathway.

As the phenotype produced by downregulation or misexpression of xCCN1
is complex and severe, in the future it will be necessary to separate the different
aspects of the phenotype by correlating them with particular domains and
aminoacids within the protein. This work might also reveal how can xCCN1
both activate and inhibit Wnt signaling.

CCNI in other models

Given the well known advantages of the chick and zebrafish systems, it is
surprising that they have not been used to investigate the roles played by CCN1
(as well as other CCN genes) in early development. We anticipate that in the
near future these excellent models will significantly contribute to the knowledge
of CCNI functions and of processes that it regulates.

CCN2

In what is currently the only report on the zebrafish CCN genes, CCN2 was
identified in a study of regulated gene expression in the floor plate of the
central nervous system (Dickmeis et al., 2004). It was found that the promoter-
proximal region in the CCN2 gene that is well conserved in another bony fish,
Takifugu, can direct expression of a reporter gene in the floor plate, and also



160 Latinkic BV

ectopically in the notochord (Dickmeis et al., 2004). This study has suggested
that a single compact regulatory element is sufficient to direct the expression
of CCN2 in the floor plate, and also that additional element(s) are required
to suppress inappropriate expression. The functional characterization of the
zebrafish CCN2 protein has not been reported.

Two recent studies have focused on the Xenopus laevis CCN2 (xCCN2)
(Abreu et al., 2002; Mercurio et al., 2004). In the Xenopus embryo, CCN2
expression resembles that of its mouse orthologue, and includes the somites,
floor plate and the heart. The expression commences at the early neurula stage,
and persists until at least the tadpole stages.

xCCN?2 antagonizes BMP and Wnt signaling

Gain of function approach, combined with biochemical studies, has uncovered
that XCCN2 can antagonize BMP signaling by binding to BMP4 and prevent-
ing it from interaction with its signal transducing receptor (Abreu et al., 2002).
This activity is mediated by the domain 2 (VWC domain) (Abreu et al.,
2002), which has significant homology with cysteine-rich BMP binding repeats
of Chordin, a well-described BMP antagonist. Forced expression of xCCN2
on the ventral side of Xenopus embryos causes formation of partial secondary
axes, which are characteristic of BMP antagonizing activity.

In the same study, xCCN2 was found to enhance the binding of TGF§ to
its receptors and to lead to a corresponding increase in downstream signaling
in cell culture (Abreu et al., 2002). The importance of this activity of xCCN2
for embryonic development was not reported.

A separate line of investigation has found that xCCN2 can antagonize Wnt
signaling in Xenopus embryos, in addition to its ability to antagonize BMP
signaling (Mercurio et al., 2004). Biochemical analyses have suggested that the
basis of this antagonism is likely to be the interaction of XCCN2 with the Wnt
receptor complex. Within this complex, XxCCN2 can interact avidly with LRP-6,
a co-receptor of the main Wnt receptor Frizzled, and can also weakly interact
with Frizzled. The interaction of XCCN2 with the Wnt receptor complex may
inhibit Wnt signaling in at least two ways: by competing with a Wnt ligand
for binding to the receptor, and by mediating internalization of the receptor
complex through binding to LRP-6, in a manner similar to the mechanism of
action of another Wnt antagonist, Dkk (Mercurio et al., 2004).

Can xCCN2 antagonize the Wnt pathway in the embryo? Gain-of-function
experiments revealed that XCCN2 can block the formation of secondary axes by
Wnt8. They have also shown that xCCN2 has effects on neural patterning that
can be explained by interference with the Wnt/8-catenin pathway (Mercurio
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et al., 2004). Ectopic expression of xCCN2 leads to the expansion of the ante-
rior neural territory, and it inhibits or delays primary neurogenesis as well as
neural crest formation (Mercurio et al., 2004). Whether endogenous xCCN2
plays a role in patterning of the nervous system and neural crest is not known.

In addition to antagonizing the Wnt/B-catenin pathway, XCCN2 shares
with xCCNI its ability to block convergence-extension movements in an
explant assay (Mercurio et al., 2004). This activity resides in the domain 4
(CT; Fig. 1), but whether it reflects more direct modulation of the Wnt/planar
polarity pathway, which regulates cell movements during gastrulation, or it
may be a consequence of its independent effects on cell adhesion and migra-
tion, is not known.

In addition to the Xenopus CCN2, CCN2 was described in urodele amphib-
ians. The newt is used as an excellent model of tissue and organ regeneration,
and CCN2 was identified in a search for transcripts regulated during this pro-
cess. It was found that CCN2 is expressed throughout the limb blastema mes-
enchyme (dedifferentiated, proliferative cells found at the site of amputation,
from which the regenerated structure will form), and is down-regulated by
retinoic acid, which is known to inhibit cell proliferation within the blastema.
Because the expression of CCN2 was found in the limb blastema at more
advanced stages of regeneration, it was suggested that its role may include reg-
ulation of cell proliferation and differentiation instead of (or in addition to) a
potential role in early wound healing (Cash et al., 1998).

CCN3

CCN3 was identified in Xenopus laevis embryos and oocytes (Ying and King,
1996). The mRNA was found in all stages examined (from gastrulation
onward) but the spatial pattern of expression has not been reported to date
(Ying and King, 1996). Preliminary gain of function studies with xCCN3 have
suggested that it does not share the activities of XCCN1 and xCCN2 (BL,
unpublished data).

In the chick embryo, CCN3 is expressed in a highly dynamic and intriguing
pattern, starting with expression in the Hensen’s node at stage HH4 (primitive
streak formation) (Katsube et al., 2001). This early domain of expression is
asymmetric, resembling in this aspect the expression of signaling factor sonic
hedgehog (Katsube et al., 2001). Later on, several important signaling centres-
the notochord, floor plate, and the floor of mesencephalon-all express CCN3
(Katsube et al., 2001). Virtually nothing is known about the function of CCN3
in the chick embryo.
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In one promising recent study it was reported that the CT domain of CCN3
interacts with the EGF repeats of the Notch receptor, and that this interaction
may lead to attenuation of myogenesis in cell culture via activation of the
Notch pathway (Sakamoto et al., 2002). The chick CCN3, Notchl and Delta
all appear to be expressed in presomitic mesoderm, adding to the potential
importance of these findings (Sakamoto et al., 2002). It remains to be seen
whether CCN3 will prove to have a role in myogenesis in vivo.

CONCLUDING REMARKS

Even though very few studies on the CCN family in non-mammalian models
of vertebrate development have been reported, the current data indicate that
they may play important roles in gastrulation and neural system development.

The scarcity of data clearly shows that we are at the beginning of the
research into the roles of CCN proteins in embryonic development. The basic
characterization of CCN4-6 in the zebrafish, frog and chick systems has not
been reported, and, as remarked above, CCN1 and CCN2 have only been
functionally analyzed in the Xenopus, and CCN3 in the chick. Amongst the
multitude of questions that are worth addressing, it might be useful to highlight
just a few.

The best-studied members of the family, CCN1 and CCN2, have largely
overlapping activities in vitro and also have overlapping expression patterns
in vivo. The gene knock-outs have demonstrated that CCN1 and CCN2 have
unique non-overlapping functions, but the extent of overlap will only become
clear after further genetic experiments such as the replacement of one gene
with the other (“knock-in”) and double knock-outs. The experiments with
Xenopus embryos have indicated similarities and differences in activities of
CCNI1 and CCN2. For example, both can block Wnt signaling, but CCN1 can
also stimulate it. On the other hand, CCN2 has effects on the patterning of
the nervous system that it does not share with CCNI1. In the future it should
be possible to rapidly map the molecular basis for this difference using the
Xenopus assay system, and this also applies to any similar differences between
other CCN family members.

Is the early role of CCNI1 revealed by experiments in Xenopus conserved?
The mouse CCNI1 is expressed in gastrulating embryos and earlier, during
preimplantation stages (Mo et al., 2002) (GenBank EST AA467423 isolated
from blastocysts). Whether this early CCN1 has any role during these early
stages of mammalian development has not yet been addressed. Even though
the architecture of the frog, zebrafish, chick and mouse gastrula stage embryos
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differs greatly, the underlying molecular and cellular processes are remark-
ably similar, raising the possibility that CCN1 may be involved in mammalian
preimplantation and gastrulation stages.

At the beginning of this chapter we commented that CCN proteins may be
involved in integration of cell migration, adhesion, proliferation and signaling.
One way of more directly addressing this issue of considerable interest, will be
to clarify the relationship between the Wnt, BMP and integrin binding of
CCN1/CCN2 in the context of the developing embryo.
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CHAPTER 9

CCN3 EXPRESSION AND ITS ROLE
DURING DEVELOPMENT
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Many types of Drosophila mutants have been systematically established and
they have become a novel powerful tool for genetic study (Nusslein—Volhard,
1993). Phenotype of hybrids between mutants (especially in embryonic stage)
indicated the genetic interaction of mutated genes themselves. Various genes
were classified into different signal cascades by this analysis and the estab-
lished cascades were often found again in vertebrate. Therefore, the study of
Drosophila genetic interaction becomes essential for molecular biology in ver-
tebrate. For the CCN gene family, there seem many unknown factors that are
related to its function, but unfortunately this family does not have an equiv-
alent in invertebrate (with the exception of far-related gene family, twisted
gastrulation; tsg (Mason et al., 1994)), which makes us impossible to apply
this type of investigation. But the study of CCN expression pattern in verte-
brate embryo would give some basic insight when integrated into the anal-
ysis of mutants of other genes. However, most of the studies of CCN gene
family started in the context of cell proliferation or tumorigenesis and a few
reports focused on its role in development or in embryogenesis. The Wnt-
related subfamily of CCN such as Wise (Itasaki et al., 2003) was well docu-
mented for their expression pattern in embryogenesis, and its role was analyzed
as the determinant of dorsoventral polarity of axial structure. For the princi-
pal members of the CCN gene family, CCN1 and CCN2 were reported to
express from early stage of development showing specific patterns (O’Brien
and Lau, 1992) (Shimo er al., 2002) and the loss of function experiments
using the gene disruption technique or dominant negative constructs demon-
strated that they play an important role in both skeletogenesis and vasucu-
logenesis (Mo et al., 2002; Latinkic et al., 2003; Abreu et al., 2002; Lau and
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Lam, 1999). Compared with them, CCN3 is not yet well studied, but sev-
eral reports have indicated the gene expression pattern of CCN3, which will
give some help to unveil its role not only in development but also in adult
tissues.

CCN3 EXPRESSION DURING
EARLY STAGE DEVELOPMENT

Several reports demonstrated the expression pattern of CCN3 in embryonic
stage, which indicates that the pattern of CCN3 expression may differ between
early and middle to late stage. In chicken embryo, the expression started in
Hensen’s node area from the beginning of gastrulation (Katsube et al., 2001;
Fig. 1). Histologically, principal expression at this area was in the forming tissue

anterior
node
|ps
L ] CCN3
Serrate1
posterior

#®  sonic Hedgehog

Fig. 1. Schematical view of CCN3 expression in early stage chicken embryo. Left: Overview of
CCNS3 at the gastrulation stage. Right: Magnified view of Hensen’s node area. Gene expression
of CCN3 was demonstrated with related genes.

CCN3 expression starts from the beginning of gastrulation. Left-right asymmetry was observed
at this stage. CCN3 was expressed in the forming notochord and floor plate area in the left part. This
is similar with other left deviated gene expression such as sonic Hedgehog, but was more limited.
Serratel, a ligand of Notchl showed its expression in the right part of the node. ps: primitive
streak, node: Hensen’s node.
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of the notochord (inter-discs of vertebral column in adult) and the floor plate
(ventral medial part of the central nervous system). This expression pattern
indicates that CCN3 may commit in the formation of axial structure affecting
its ventral polarity. The expression also showed a typical pattern of left-right
asymmetry in early stage of gastrulation. Several genes have been reported for
their left-right asymmetrical expression such as secreting proteins, receptors,
cytoskeletons, etc. (Meyers and Martin, 1999; Takeda et al., 1999; Tsukui et al.,
1999; Monsoro—Burq and Le Douarin, 2001; Aruga, 2004) and the expression
pattern CCN3 is quite similar to that of sonic hedgehog and some other left side
expressing genes. CCN3 association with Connexin43 was reported to regulate
the function of gap junction and to suppress the cell proliferation (Gellhaus
et al., 2004). The gap junction is also important for the left-right asymmetry in
embryogenesis (Levin and Mercola, 1999) and CCN3 may influence on it via
Connexind3. Direct or indirect interaction of CCN3 with these genes would
be expected.

CCN3 EXPRESSION IN MIDDLE TO
LATE STAGE DEVELOPMENT

Until now, the expression of CCN3 during middle to late stage was inves-
tigated by two groups. Mouse CCN3 expression was detected principally
in mesoderm-derived tissues and the central nervous system, in which it
showed a diverged expression pattern (Fig. 2). In middle stage of mouse

® CCN3

Natch1

Delta1

Fig. 2. Schematical view of CCN3 expression in middle stage. A: CCN3 expression in the ventral
side of Mesencephalon (midbrain). B: CCN3 expression in the area of somitogenesis.

Rhom: Rhombencephalon, Mes: Mesencephalon, Tel: Telencephalon, Eye: eye ball, sm:
somite, psm: presomitic mesoderm, tb: tail bud, nt neural tube.
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Fig. 3. CCN3 expression in developing bone and related tissues. It is observed principally in
the periosteum and chondrocytes. Expression in chondrocytes is in the zone of hypertrophy (ZH)
but not in the zone of proliferation (ZP). Immunoreactivity of CCN3 in chondrocytes is in the
nucleus.

embryogenesis, hypaxial area of developing somite showed CCN3 expression,
which corresponded to the Myo-D and «-SMA positive region (Natarajan
et al., 2000). This region differentiates into the proximal muscle tissue (body
wall muscle) and in part the costal bone tissue in late stage. CCN3 may have
some role for myogenesis suppressing the migration of the progenitor cells. Its
expression continued in more mature muscle tissues and even in adult mus-
cle indicating the general importance of CCN3 in the regulation of muscle
tissue. However, several muscle tissues such as tongue were reported not to
express CCN3 and it is necessary to verify temporal alternation of its expres-
sion. In other mesoderm-derived tissues, the expression in the developing great
arteries and major blood vessels was remarkable. Bone tissue itself did not
express CCN3, but some neighboring tissue such as tendon and periosteum
were strongly positive for CCN3 (Fig. 3). Later, the expression continued in var-
ious mesoderm-derived tissues including the glomerulus of kidney, the growth
plate cartilage of bone and vascular smooth muscles, follicles of vibrissae. In
general view, the expression of these areas continued in the postnatal stage
indicating that they may be the prelude of adult expression.

In the central nervous system, the expression in the ventral horn of spinal
cord, the motoneuronal area was reported in both mouse and human embryo
(Suetal., 1998; Kocialkowski et al., 2001). This expression started in the mature
stage motoneurons that initiated the formation of neuromuscular junctions in
the axonal process. In chicken embryo, CCN3 expression in the central ner-
vous system was detected in the ventral region of midbrain, which will develop
the oculomotor nucleus. This finding is interesting because the oculomotor
nucleus develops faster than other motoneuronal regions in chicken embryo.
The protein locality of CCN3 was not yet determined in these areas, but the
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commitment of CCN3 to the maturation or assembly of neuromuscular junc-
tion seems one of the possibilities. As mentioned previously, CCN3 commit-
ment in the gap junction formation was reported, but there is no report for
neuromuscular junction.

Cranial structures derived from the neural crest showed its expression in
mouse (Natarajan et al., 2000). Olfactory neuroepithelium and the sensory
ganglia of cranial nerves had its expression during development. The expres-
sion in these areas was observed in mouse embryo, which was not verified in
case of chicken embryo. So far, the meaning of CCN3 expression in the neural
crest derivatives is still not well understood.

Possible Role of CCN3 by its Analysis in Embryogenesis

By several different approaches, proteins that directly interact with CCN3 have
been already reported and are mentioned in other chapters. Integrins were well
investigated for their interaction with CCN1 and were also reported to inter-
act with CCN3 in vasculogenesis (Lin et al., 2003). CCN3 interacts with other
extracellular proteins such as Fibulin (Perbal et al., 1999). But commitment of
these proteins during early stage is not clear since their expression pattern has
little similarity. Some of Notch related genes are expressed in the same area
with CCN3 in a similar pattern at such stage. Notch and its ligands are classified
as a member of Neurogenic genes in Drosophila that regulate the development
of neural precursor cells (Wharton et al., 1985). The mechanism of Notch sig-
nal in Drosophila has been explained by the model of “lateral inhibition”. This
model can tell how the neighboring cells mutually differentiate into different
types of cells. “Inhibition” comes from the first findings in Notch hypomor-
phic mutant to suppress the neural development in the proneural clusters of
epidermoblasts, but now it is convenient to call “lateral specification” because
the Notch action induces any kind of repulsive differentiation between neigh-
boring cells. Usually, Notch functions as a receptor of transmembrane type
ligands such as Delta (Delta-like, DIl) or Serrate (Jagged, Jag) (Fehon et al.,
1990). We speculated an association of Notch/CCN3 because their expression
pattern was quite similar in the caudal area. Defect of vascular remodeling in
CCN1 and CCN2 knockout mouse in embryogenesis reminded us the similar
pattern in Notch4 or Jagged 1 knockout mice, which prompted us to chal-
lenge this experiment (Gridley, 2001). Apparently, CCN3 could bind to the
EGF motifs in the Notch extracellular domain and stimulated the Notch sig-
nal (Sakamoto et al., 2002), which implies the importance of CCN3 for the
regulation of stem cells. In in vitro experiments, myogenesis was suppressed by
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CCN3 stimulating Notch signal. Recently, we investigated the expression pat-
tern of Deltal and Serratel in gastrulation and found that Serratel expression
pattern also showed a left-right asymmetrical pattern, which expressed exclu-
sively in right region. The commitment of CCN1 to gastrulation was confirmed
in Xenopus (Latinkic et al., 2003) and that similar effect of CCN3 is expected.
Recently the Notch signal has effect on left-right asymmetry with association
of calcium ion delivery (Raya et al., 2003). Product of CCN gene family is a
secreting molecule and its behavior may be different from the authentic lig-
ands because they are membrane-anchored proteins. Notch signal regulation
may be differently evolved in vertebrate, which needs to be verified by other
aspect of CCN3. Calcium ion regulation by CCN3 may have some role in this
function (Lombet et al., 2003).

The expression of CCN3 showed such a diverged pattern in embryogenesis,
which makes us difficult to discover the proteins that interact with CCN3. Gene
disruption experiment of CCN3 will certainly give some key to understand,
which is not yet published. Recently the commitment of CCN3 in some resti-
tutive processes was reported (Ellis et al., 2000). CCN3 expression in smooth
muscle tissue was enhanced in the recovery step after the injury of major arter-
ies. Notch signal is important for vasculogenesis (Iso er al., 2003) and this
area was also reported for the augmented expression of Notchl and its ligand,
Jagged1 in injury (Lindner et al., 2001). Notch family regulates stem cells in
both vertebrate and invertebrate and its signal was stimulated by CCN3 asso-
ciation. This indicates the possible role of CCN3 in restitution. CCN3 expres-
sion was extremely high in bone marrow-derived stem cells and downregulated
with their differentiation (Kawashima et al., 2004). In the restitutive process
of major arteries, bone marrow derived stem cells contributed to the smooth
muscle development (Sata et al., 2002). Notch function in bone marrow derived
stem cells has a strange aspect because its ligand’s expression was very low or
at a undetectable level. CCN3 may substitute for its authentic ligand function,
which needs further investigation.

CCN is a family of secreting proteins, which has various counterparts
other than Notch. Integrins are important to consider because their expres-
sion has similarity with CCN3. Some other factors may interact with CCN3
protein directly or indirectly. Systematic screening of candidate counterpart is
still an important subject to clarify the role of CCN3 in development and in
embryogenesis. Two-hybrid study of yeast is not easy to apply for the interac-
tion of proteins that exist in the extracellular media and phenotypic analysis
of embryo still has some importance to know its function using genetically
mutated animals.
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Fig. 4. Hypothetical molecular interaction of CCN3 with Notch signal pathway.
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CCN1/Cyr61 and CCN2/CTGF are highly expressed in several stress-
related pathologies resulting from increased externally applied forces or from
forces generated internally by the cellular components of tissue organs. In
accordance with their in vivo distribution pattern, the CCN1/Cyr61 and
CCN2/CTGF genes are strongly induced upon application of mechanical
forces on cultured cells, or through manipulation of the cellular contrac-
tile apparatus. Mechanistically, alteration of the actin cytoskeleton tension
and/or actin polymerization promoted by various components of the signal-
ing machinery i.e. small Rho GTPases and MAP kinases, or by actin binding
proteins seem to regulate the expression of the immediate early CCN genes.
What could the significance be of enhanced CCN1/Cyr61 and CCN2/CTGF
expression by mechanical stress? The role of these proteins in the cellular
mechano-transduction process as response to environmental stress and their
participation in long term modifications of the extracellular environment are
issues of ongoing research.

1. INTERPLAY BETWEEN CELLULAR MECHANICS AND
CCN IMMEDIATE EARLY GENE EXPRESSION

Cyr61/CCN1 and CTGF/CCN?2 are co-induced upon exposure of the cells
to various hormones, growth factors, inflammatory molecules and apoptotic
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agents. In particular, co-induction of Cyr61/CCN1 and CTGF/CCN2 occurs
upon stimulation of connective tissue type cells with TGF-betal, VEGF, FGF,
angiotensin II, prostaglandins, bioactive lipids, thrombin, factor IX, estrogens
and apoptotic agents (Brigstock, 2002; Chaqour et al., 2002; Kim et al., 2003;
Kireeva et al., 1997; Liang et al., 2003; Lin et al., 2004; Pendurthi et al., 2000;
Sampath ez al., 2001). However, the observation that the immediate early CCN
genes can also be strongly induced upon application of mechanical forces to the
cells further rationalized, at least in our point of view, studies of their regulation
and function in mechanically active environment (Kessler ez al., 2001; Tamura
et al., 2001). Indeed, under physiological and physio-pathological conditions,
the primary signal sensed by many cells is mechanical. For instance, basal phys-
iological processes ranging from blood circulation and the micturition reflex
to the senses of hearing and touch are initiated by forces rather than molecules
impinging on cell surface receptors and initiating a cascade of biochemical
reactions. Experimentally, mechanical forces applied to and/or generated by the
cells or the stiffness of substrata to which the cells are anchored affect normal
cell phenotype and biological function and are suggested to largely contribute
to pathological conditions in vivo (Gunst et al., 2003; Janmey and Weitz, 2004;
Knoll et al., 2003; Silver et al., 2003; Ingber, 2002). Under extremely or even
moderately strained conditions, the cellular components of organ systems, par-
ticularly fibroblasts and smooth muscle cells, become subjected to mechanical
inputs beyond a normally acceptable range and cells respond in an inappro-
priate fashion to altered types of mechanical signals. The transfer of such an
excessive strain results in the production of various growth factors, cytokines,
hormones ultimately leading to hypertrophic and fibrotic responses. Consistent
with this is the observation that both Cyr61/CCN1 and CTGF/CCN2, while
either not or minimally expressed in normal adult tissues, they are strongly up-
regulated in several pathological conditions that result from increased mechan-
ical strain including atherosclerosis, post-angioplastic restenosis, hypertension
and bladder outlet obstruction (Chaqour et al., 2002; Grzeszkiewicz et al., 2002;
Hilfiker et al., 2002; Schober et al., 2003; Wunderlich et al., 2000). Cyr61/CCN1
was reported to be one of the earliest genes whose expression was turned on in
smooth muscle-rich tissues (e.g. aorta and bladder) with the onset of hyperten-
sion or bladder outlet obstruction, and remained expressed at constant level
thereafter (Chaqour et al., 2002; Unoki et al., 2003). The specialized cases
of abnormal scarring, e.g. keloids, represent another example of situation in
which the mechanical regulation of Cyr61/CCN1 and CTGF/CCN?2 is of rel-
evance since these apparently well-enriched lesions in both Cyr61/CCN1 and
CTGF/CCN2, have long been known to develop in regions of the body that
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are subjected to relatively higher mechanical strain than others (Denton and
Abraham, 2001; Igarashi et al., 1996; Ito et al., 1998). The scar that finally
develops and subsists is itself a tissue under increased mechanical strain. Addi-
tionally, although not yet documented, over expression of these genes can also
be predicted in the growing number of other pathologies now thought to be
associated, to greater or lesser extents, with mechanical stress including pul-
monary hypertension, reperfusion injury, bronchopulmonary dysplasia, excess
pulmonary ventilation and acute respiratory distress syndrome. It is notewor-
thy, however, that in several cases, Cyr61/CCN1 and CTGF/CCN?2 are not
simultaneously induced suggesting that their genes may not systematically be
coordinately regulated and that perhaps different etiological factors prompt
their expression in vivo.

The current state of our knowledge purports Cyr61/CCN1 and CTGF/
CCN2 as precursors to profound remodeling within the tissues and early mark-
ers of pathologies initiated by stress conditions. We will first describe the inter-
play between cellular mechanics and Cyr61/CCNI1 gene expression. Studies
related to CTGF/CCN2 will be summarized further in detail below.

2. CYR61/CCN1 IS A MECHANO-SENSITIVE GENE

Muscle, cartilage and bone in particular, provide ideal tissues for the study
of the mechanical regulation and function of Cyr61/CCNI1 and CTGF/CCN2
because these tissues experience a wide range of strains during normal use due
to both their own cytoskeletally generated tension and external loading. The
types of stress defined as force per unit area, to which different tissues respond
are legion and it is likely that the mechanical sensing mechanisms involved vary
accordingly. However, despite the previously established role of Cyr61/CCNI1
in chondrogenesis and its upregulation by factors critical for osteoblast func-
tion and differentiation such as l«,25 dihydroxy vitamin D3, EGF, TNF-«
and IL-1, there is still a paucity of information regarding the mechanical regu-
lation and function of Cyr61/CCNI in chondrocytes and osteoclasts (Schutze
et al., 1998). Similarly, the effects of other mechanical forces of compression
and static stretch that either bone or cartilage tissues are more prone to expe-
rience have not been investigated in the context of mechanical regulation of
Cyr61/CCNI. Studies by Hadjiargyrou et al. suggested that Cyr61/CCNI1 plays
apreponderant role in cartilage and bone formation and may serve as an impor-
tant regulator of fracture healing (Hadjiargyrou et al., 2002; Schild and Trueb,
2004). Whether Cyr61/CCN1 is involved in mechanical load-dependent growth
and/or degeneration of bone is yet to be explored.
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By using a model system of lung fibroblasts cultured in a three-dimensional
collagen gel, Schild and Trueb found that while not being expressed when cells
are in a relaxed state, Cyr61/CCNI1 was strongly upregulated when the cells
were in a stressed state suggesting an important role of intracellular force-
generated tension in the modulation of Cyr61/CCNI1 expression (Schild and
Trueb, 2004). The work of Lau’s group also demonstrated the involvement of
Cyr61/CCNI1 in wound repair prompted by skin fibroblasts and myofibroblasts
which play a central role in closing the wound tissues through their capacity to
produce strong contractile forces (Chen et al., 2001b). In addition to respond-
ing to internally generated tension, the Cyr61/CCNI gene is responsive to
externally imposed forces particularly in smooth muscle and endothelial cells.
Investigation of the biological effects of mechanical forces have been originally
focused on these cell types as the layer of endothelial cells along the inside of
blood vessels protects the smooth muscle from the direct shearing effects of
the flowing blood whereas the pulsing blood clearly stretches the entire vascu-
lar wall. Studies using cultured smooth muscle cells from various tissue beds
showed that the Cyr61/CCNI1 gene is strongly but transiently up-regulated
upon the application of a cyclic biaxial strain to cultured monolayer smooth
muscle cells while that of CTGF/CCN2 was unaffected (Tamura et al., 2001).
Microarray screens for shear stress responsive genes in endothelial cells indi-
cated that Cyr61/CCN1 was down-regulated after 6 hours of shearing deforma-
tion although an earlier burst of its gene expression cannot be ruled out given
its immediate early gene expression type of pattern in vitro (McCormick et al.,
2001). Conversely, although skeletal muscle cells originate from tissues that
continuously bear high tensile stress, they surprisingly express low amount
of Cyr61/CCNI1. Skeletal muscle are composed of terminally differentiated
cells, unlike fibroblasts and smooth muscle cells, which suggests that perhaps
terminal differentiation of the cells and production of Cyr61/CCNI1 and/or
CTGF/CCN?2 are mutually exclusive.

3. MECHANO-TRANSDUCTION MECHANISMS
INVOLVED IN CYR61/CCN1 GENE EXPRESSION

Research into mechano-transduction pathways that define the translation of
mechanical stimulus into an intracellular biochemical process is necessary to
effectively use mechanical therapies and/or pharmacological intervention to
halt the deleterious effects of excessive strain. However, many of the mechano-
sensing receptors, pathways and second messengers at work while the cells
sense mechanical stimuli and/or their environment are yet to be defined. It
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has become clear, however, that the notion of separate and linear pathways
linking mechanical stimuli to the expression of a mechano-sensitive gene is an
oversimplification. Instead, complex and interdependent signaling networks
are likely involved. The cellular structures that initially sense mechanical strain
at the cell surface and convert it into Cyr61/CCNI1 gene activation are yet to
be identified although preliminary studies seem to indicate that integrins are,
at least, partly involved (Chaqour B, unpublished data). Several intracellular
signaling events such as increased intracellular Ca** concentration, activation
of kinases such as PKC, p38 mitogen-activated kinases (MAPK) and phos-
phatidyl inositol 3-kinase and/or GTPases such as RhoA that are involved in
stimulation of the Cyr61/CCNI1 gene by chemical stimuli, seems to be impli-
cated in the mechanical regulation of Cyr61/CCNI1 as well suggesting that
mechano-transduction mechanisms may be similar to those used by soluble
factors (Han et al., 2003; O’Brien et al., 1990; Tamura et al., 2001). How-
ever, strain-induced Cyr61/CCN1 expression is sensitive to mechanisms that
sense actin dynamics i.e. increased actin polymerization and decreased glob-
ular actin levels and all signals require an intact actin cytoskeleton (Tamura
etal.,2001).

The role of the cytoskeleton is important in intracellular signaling as
it serves as a major scaffolding element for signaling machinery compo-
nents involved in intra-cellular communications and permits the compar-
timentalization of the cytoplasm and organization of specialized zones for
sustained signaling between cell surface and nucleus. The importance of the
cytoskeleton architecture in relaying PKC and PI 3-kinase signals for instance,
has been reported and likely plays a role in mediating Cyr61/CCN1 gene
activation. Studies have shown that direct activation of PKC isoforms by
phorbol ester has dramatic effects on the assembly and disassembly of the
filamentous actin (F-actin) network and there is abundant evidence showing an
isoenzyme-specific translocation to the F-actin components of the cytoskele-
ton in intact cells (Kiley ef al., 1995; Slater et al., 2003). Alternatively, either
PKC or PI 3-kinase may affect reorganization of the actin cytoskeleton and
gene expression through their interaction with Rho proteins although acti-
vation of PKC and/or PI 3-kinase can either be upstream or downstream
of the Rho GTPases depending on the system (Ren and Schwartz, 1998;
Wang and Bitar, 1998). The precise complex mechanism underlying cross talk
between these signaling molecules and the actin cytoskeleton and its impact
on stretch-induced Cyr61/CCN1 gene expression is yet to be unraveled. In
contrast, the role of RhoA GTPase signaling on the actin cytoskeleton is well-
established although the downstream elements of pathways through which
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RhoA-mediated cytoskeletal organization regulates gene expression are poorly
understood (Ridley, 2001b). Among RhoA targets, RhoA-associated kinase
seemed to concomitantly alter actin stress fiber formation and Cyr61/CCN1
expression (Ridley, 2001b). Functionally, RhoA-associated kinase directly
phosphorylates myosin light chains and negatively regulates myosin phos-
phatases and increases acto-myosin-based contractility (Chrzanowska—
Wodnicka and Burridge, 1996; Kimura et al., 1996; Yoshizaki et al., 2004). The
resulting contractile forces are thought to contribute to the formation of stress
fibers and focal contacts. In addition, RhoA-kinase also activates LIM kinase
which subsequently phosphorylates cofilin that inhibits actin-depolymerizing
activity, thus contributing to actin fiber stabilization (Sotiropoulos et al., 1999).
However, whether these signaling pathways directly affect actin polymerization
per se and F-actin rearrangement is unknown. Recent studies indicate that reg-
ulation of phosphatidyl inositol metabolism by RhoA GTPase is likely involved
because the increase in phosphatidyl inositol turnover often correlates with the
increase in F-actin levels within the cells (Hilpela et al., 2004). The availability of
adequate tools to evaluate not only total cellular phosphatidyl inositol but also
local concentrations within the cells should enhance our knowledge in this field.

4. STRAIN OR “STRETCH” RESPONSIVE ELEMENTS
IN THE CYR61/CCN1 GENE

Mechanical stimulus-specific gene transcription is based on the idea that
mechanical strain causes the expression and/or activation of transcription fac-
tors which bind to mechano-responsive promoter elements suggesting that
RhoA-actin signaling possibly affects the expression of Cyr61/CCNI tran-
scription in mechanically stimulated cells through such mechanisms. Studies
have shown that activation of RhoA GTPase by G-protein coupled recep-
tor agonists such as sphingosine 1-phosphate affected the expression of
Cyr61/CCNI1 gene by modulating the activity of the transcription factor AP-1
and CREB ecither directly or through the MAPK family member, p38 (Han
et al., 2003). Since the intracellular mechano-sensing mechanisms do not
require that the intracellular and nuclear signals be distinct from those ini-
tiated by soluble factors, the AP-1 and CRE binding sites localized with the
promoter region of the human Cyr61/CCNI1 gene are potential mechanical
stretch responsive elements. These elements seem to act as hypoxia-responsive
elements as well (Kunz et al., 2003). Additionally, the promoter region of both
Cyr61/CCNI1 and CTGF/CCN2 contains so-called shear stress-responsive ele-
ments (SSRE) representing the core sequence of NF-«B binding sites found
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previously in shear stress-responsive genes (Resnick et al., 1993). However,
specificity cannot be explained in terms of presence or absence of SSRE since
as shown by microarray technology, numerous genes do not contain SSREs
but were responsive to shearing deformation of endothelial cells and vice versa
(Chen et al., 2001a; McCormick et al., 2001; Zhao et al., 2002).

5. MODULATION OF CTGF/CCN2 EXPRESSION IN VITRO
AND INVIVO

5.1. CTGF/CCN2 Expression in Skin Disorders

TGF-beta mediates up-regulation of CTGF/CCN2 in wound healing and in
various pathophysiological situations. In scleroderma, the initial transactiva-
tion of CTGF/CCN2 was mediated through the TGF-beta specific smad sig-
naling pathway, whereas the maintenance of CTGF/CCN2 expression was
independent of TGF-beta signaling (Leask et al., 2003; Holmes et al., 2003).
CTGF/CCN?2 expression was increased in patients with radiation enteritis
with established fibrosis, without a concomitant up-regulation of TGF-beta
(Vozenin—Brotons et al., 2003). These examples indicate that even though TGF-
beta is the major regulator of CTGF/CCN2, additional factors have to be con-
sidered to understand the physiological and pathophysiological relevance of
this protein. In particular, mechanical alterations modulate the expression of
CTGF/CCN?2 as outlined in the introduction.

Activated fibroblasts, so called myofibroblasts are the cells associated with
CTGF/CCN?2 expression in fibrotic tissue or healing wounds. These cells gen-
erate the contractile forces required for wound closure and healing and play
an essential role in the excessive matrix production during fibrosis (Lorena
et al., 2002; Badid et al., 2000). Since in vitro studies provide a basis for
the molecular understanding of stress-mediated regulation of CTGF/CCN2,
three-dimensional collagen-1 matrices were used as model system to inves-
tigate the influence of mechanical stress on the cell biology of fibroblasts
(Grinnell, 2003). Under stressed conditions, CTGF/CCN2 was observed to
be up-regulated, whereas release of mechanical stress led to a rapid down-
regulation of CTGF/CCN2 expression (Schild and Trueb, 2004; Schild and
Trueb, 2002). Modulation of CTGF/CCN2 gene expression in response to
mechanical stress suggests that CTGF is molecular regulator of stress adapta-
tional states of the cells.

TGF-beta-mediated fibroblast differentiation is enhanced when mechani-
cal tension is applied to cells (Arora et al., 1999). Similarly, TGF-beta-mediated
differentiation and subsequent matrix contraction are dependent on
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CTGF/CCN?2 expression, but they are not promoted by CTGF/CCN2 alone
(Garrett et al., 2004). Fibroblast differentiation may thus be an example of an
effective cooperation of soluble mediators and environmental restraints.

5.2. CTGF/CCN2 Expression in Cardiovascular Diseases

Hemodynamic forces are involved in the initiation and localization of early
atherogenetic lesions, which are located preferentially in specific regions
of arterial wall, which experience non-uniform blood flow (Nerem, 1992).
CTGF/CCN2 is strongly expressed in endothelial cells of atherosclerotic
lesions although a causative role for CTGF/CCN2 in the initiation of
atherosclerosis has not yet been established (Oemar et al., 1997; Schober et al.,
2002). In vitro studies confirmed that CTGF/CCN?2 belongs to the group of
genes which are strongly up-regulated in endothelial cells exposed to non-
uniform shear stress (Yoshisue et al., 2002). Constant shear stress, in contrast,
reduced CTGF/CCN2 expression in primary HUVEC (McCormick et al.,
2003). These data were in line with the hypothesis that physiological shear stress
protects against fibrotic and atherosclerotic disease processes which are sup-
ported by turbulent flow. However, CTGF/CCN2 mRNA expression remained
unaltered when laminar flow was applied for 24 hr in cultured HUVEC or
bovine endothelial cells (Eskin ez al., 2004). In another study, CTGF/CCN2 was
shown to be upregulated by turbulent as well as laminar flow (Garcia—Cardena
et al., 2001), which is in contrast to the in vivo situation, where CTGF/CCN2
is not expressed in normal vessels, exposed to constant laminar flow. Utiliza-
tion of different types of cells and apparatus and various shear stress regimen
and magnitudes may account for these apparently contradictory results. More
data on CTGF/CCN2 protein and an improved molecular understanding of
CTGF/CCN2 regulation will help to understand the role of CTGF/CCN2 in
vessels exposed to changes in pressure and flow.

5.3. CTGF/CCN2 Expression in Kidney Disorders

Variations in hemodynamics have an impact on end organs such as the kid-
ney. CTGF/CCN2 expression in renal disecases has been extensively studied
(Goldschmeding et al., 2000; Abdel and Mason, 2004; Riser and Cortes,
2001). Depending on the disease, high glucose and TGF-beta may be the major
inducers of CTGF/CCN2. However, it is noteworthy that the synthesis of
renal glomerular proteins is also modulated by mesangial cell stretch. Sys-
temic arterial hypertension and conditions of impaired glomerular pressure
autoregulation lead to excessive expansion and repetitive cycles of distension
contraction of the elastic glomeruli (Cortes et al., 1999). In animal models, an
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enhanced glomerular capillary pressure was associated with an increased syn-
thesis of extracellular matrix proteins and inflammatory mediators (Ingram
and Scholey, 2000). The up-regulation of CTGF/CCN?2 in glomeruli of dia-
betic rats or patients, although being primarily related to increased glucose
levels, may additionally be influenced by increases in capillary plasma flow
rates (Wahab et al., 2001; Zatz et al., 1985).

Increased glomerular capillary pressure and wall tension are transmit-
ted to resident glomerular cells. Exposure of mesangial cells to cyclic stress
in vitro, transiently up-regulated CTGF/CCN2 (Riser and Cortes, 2001). In
another study, hydrostatic pressure was related to sustained up-regulation of
CTGF/CCN2 (Hishikawa et al., 2001). Under these conditions, CTGF/CCN2
expression was associated with the apoptotic death of mesangial cells.

5.4. CTGF/CCN2 Expression in Bone and Cartilage

In the bone, CTGF/CCN2 is considered to be a hypertrophic chondrocyte-
specific gene product, implicated in proliferation and differentiation of chon-
drocytes and in skeletal growth and modeling/remodeling (Takigawa et al.,
2003). Mechanical regulation is also implicated in cartilage biology. Cyclic
tensile strains or shear promote cartilage growth and ossification (Wong and
Carter, 2003). In an in vitro study, Wong ef al. compared the effect of tensile
strain and cyclic hydrostatic pressure on CTGF/CCN2 expression in primary
chondrocytes (Wong et al., 2003). Only application of tensile strain induced
CTGF/CCN2, whereas hydrostatic pressure was without effect, in contrast to
the report by Hishikawa ez al. in mesangial cells (Hishikawa et al., 2001). Con-
tinuous application of mechanical stimulation was also applied in vivo in exper-
imental tooth movement, a model for mechanical-dependent bone growth
(Yamashiro et al., 2001). CTGF/CCN2 mRNA expression was increased in
osteocytes at the compressed and the stretched side of the teeth, indicative of
complex signaling pathways mediating the up-regulation.

Thus, both in vitro and in vivo data indicate that the CTGF/CCN2 gene is
sensitive to mechanical stress in soft and hard tissues. The different in vivo and
in vitro models, however, do not yet provide us with a consistent view of the
essential requirements regarding type of applied mechanical force, strength or
duration.

6. MOLECULAR MECHANISMS COUPLING MECHANICAL
STRESS TO CTGF/CCN2 EXPRESSION

As outlined above, multiple signaling pathways are implicated in the
transmission of mechanical stress to gene expression. Related to CTGF/CCN2,
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the experimental evidence presently available points to the small GTPase RhoA
and alterations in the level of globular actin (G-actin) as major contributors to
mechano-sensitive signal transmission. Therefore, we will focus on this aspect
of CTGF/CCN2 regulation.

Mechanical stimuli such as tension or cyclic strain lead to rearrangement of
the actin cytoskeleton, which is associated with increased contraction (Cooper,
1991). Pressure applied to cells in vitro increased the formation of actin stress
fibers shifting the ratio of non polymerized G-actin to polymerized F-actin
(Cipolla et al., 2002). Changes in the ratio of G- and F-actin are also detectable
invivo. In diabetic glomeruli, which are exposed to increased mechanical strain,
actin was found to be disorganized and the structure of the fibrillar F-actin
was disrupted (Cortes et al., 2000).

The most important sensors of mechanical stress are integrins linking
extra cellular matrix proteins to intracellular signaling. Organization of inte-
grins into focal complexes is dependent on the type of matrix molecule,
but also modulated by the physical state of the matrix (Katz er al., 2000).
Via adaptor molecules such as integrin linked kinase, integrins are coupled
to the actin cytoskeleton and to various regulatory proteins, among them
kinases and small GTPases (Li and Xu, 2000; Attwell er al., 2003). The
small GTPases of the Rho family are central in mechano-transduction, medi-
ating the formation of focal complexes (Balaban et al., 2001) and also as
transducers of signals leading to changes in gene expression and morphol-
ogy (Ridley, 2001a). Activation of RhoA increases the formation of F-actin
stress fibers via the down stream RhoA-associated kinase ROCK (Riento and
Ridley, 2003).

Activation of the small GTPase RhoA significantly contributes not only
to Cyr61/CCNI1 expression as we previously mentioned, but also to the
upregulation of CTGF/CCN2, linking the regulation of CTGF/CCN2 gene
expression to changes of the actin cytoskeleton. Interference with RhoA sig-
naling by toxin B or more specifically C3 exoenzyme prevented up-regulation
of CTGF/CCN2 by lysophosphatidic acid, a known activator of RhoA
(Hahn et al., 2000; Heusinger—Ribeiro et al., 2001). Similarly, disruption
of microtubuli by colchicine, which activates RhoA in a receptor indepen-
dent way, also activated CTGF/CCN2 in a toxinB-sensitive manner (Ott
et al., 2003). Involvement of RhoA in CTGF/CCN2 expression was con-
firmed by over-expression of constitutively active RhoA (RhoA V14). RhoA
signaling pathways interact with other pathways involved in CTGF/CCN?2
expression. Interference with RhoA activity reduced CTGF/CCN2 expres-
sion even if other pathways were stimulated. Inhibition of RhoA-associated
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kinase inhibited TGF-beta-mediated up-regulation of CTGF/CCN2, which
was primarily mediated by the Smad 3/4 signaling pathway (Goppelt-Struebe
et al., 2001; Iwanciw et al., 2003). Similarly, angiotensin-mediated induction
of CTGF was due to stimulation of the MAP kinase pathway, but was still
inhibited by interference with RhoA signaling (Iwanciw et al., 2003). Interfer-
ence with RhoA signaling thus allows inhibition of CTGF/CCN2 expression
largely independent of the primary stimulus.

As a regulator of the cytoskeleton, the small GTPase RhoA is expressed
in all types of cells. In the network of interacting signaling mediators it seems
to play a key role in maintaining the basal turnover of CTGF/CCN2 mRNA
and also in the stimulated expression of CTGF/CCN2. Furthermore, RhoA
is a target for pharmacological interference with CTGF/CCN2 expression.
By inhibition of the posttranslational modification of RhoA statins (HMG
CoA reductase inhibitors) inhibit CTGF/CCN2 induction in vitro and in vivo
(Eberlein et al., 2001; Muehlich et al., 2004; Watts and Spiteri, 2004; Song
etal.,2004, and unpublished results). Rho-kinase inhibitors, Y27632 or fasudil,
which inhibit CTGF/CCN2 expression in vitro, may be another way to interfere
with overexpression of CTGF/CCN?2 in vivo.

As RhoA is a major regulator of the actin cytoskeleton it was obvious
to investigate the effect of changes in actin organization on CTGF/CCN2
expression. Recruitment of G-actin into F-actin stress fibers by jasplakino-
lide increased CTGF/CCN2 expression, whereas disruption of F-actin by
latrunculin B reduced CTGF/CCN2 expression (Ott er al., 2003). Unex-
pectedly, cytochalasin D, which also rapidly disintegrated actin stress fibers,
transiently increased CTGF/CCN2 (Goppelt-Struebe et al., 2002). Both,
cytochalasin D and latrunculin B enhance the cellular content of G-actin
(Cipolla et al., 2002), however, the availability of G-actin as modulator of
gene expression seems to be different upon treatment with both agents:
Cytochalasin D was shown to sequester and thus reduce the effective level
of G-actin (Sotiropoulos et al., 1999; Gineitis and Treisman, 2001). These
data indicate that rather than being regulated by F-actin stress fibers, the
expression of CTGF/CCN2 seems to be sensitive to changes in the level
of G-actin. In line with this hypothesis, over-expression of mutant G-actin,
which is no longer able to polymerize into F-actin (Posern et al., 2002),
significantly reduced the expression of CTGF/CCN2 in endothelial cells
(unpublished result). The sensitivity of CTGF/CCN2 expression towards vary-
ing levels of G-actin may be the molecular mechanism by which exoge-
nous pressure or changes in morphology are being translated into gene
expression.



188 Chagour B & Goppelt-Struebe M

7. FUNCTIONAL SIGNIFICANCE OF CYR61/CCN1
AND CTGF/CCN2 EXPRESSION UNDER
STRESS CONDITIONS

Mechanical stress experiments do help us understand how internally gener-
ated forces and/or externally imposed forces on the cells lead to changes in
CCN gene expression. However, we need to be mindful that in these kinds
of experiments, cells go from being static to being mechanically deformed.
As reported for Cyr61/CCN1 and CTGF/CCN2, their expression declined
rapidly and even disappeared after a short time period of mechanical defor-
mation as the stretching environment becomes the cell’s new normalcy. The
rapid reestablishment of basal expression might be indicative of an adap-
tive mechanism in which compensatory signaling pathways are activated to
allow gene transcription to return to normal levels in the stimulated cells.
At these later time points, cells may more accurately represent those in vivo
which exist normally in a mechanically active environment. However, such
compensatory mechanisms do not seem to take place in pathological condi-
tions since the up-regulation of Cyr61/CCN1 and CTGF/CCN2 appeared to
be both rapid and long lasting in the affected tissues which theoretically would
result in sustaining their effects (Chaqour et al., 2002; Grzeszkiewicz et al.,
2002; Abdel and Mason, 2004). The in vivo environment and the strain mag-
nitude within the tissue may account for the sustained expression. Nonethe-
less, the expression even transient of Cyr61/CCNI1 or CTGF/CCN2 may have
long term implications. Previous studies suggested that Cyr61/CCNI1 can reg-
ulate the expression of genes involved in angiogenesis and matrix remodeling
(Chen et al., 2001b; Mo et al., 2002). In agreement with this, interference with
Cyr61/CCNI1 expression in mechanically stimulated cells markedly reduced
mechanical strain-induced VEGF, «,, integrin and smooth muscle alpha-actin
gene expression but had no effect on type I collagen, fibronectin and myosin
heavy chain isoform expression (Zhou et al., 2005). An intact cytoskeleton
is required for Cyr61/CCNI1-dependent regulation of gene expression indi-
cating that cytoskeleton integrity is required for both Cyr61/CCN1 expres-
sion and activity. Therefore, Cyr61/CCN1 may well be an integral part of
the mechano-transduction process by promoting the expression of mechano-
sensors such as integrins and/or by propagating the mechanical signal to
neighboring cells via the expression of autocrine and paracrine factors such
as VEGF.

CTGF/CCN2is a protein, which exerts its effects characteristically by inter-
action with other proteins in a synergistic or inhibitory manner (e.g. Abreu
et al., 2002; Inoki et al., 2002). Regulation of CTGF/CCN2 by mechanical
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forces from the environment may thus add to the complexity and variability of
the regulation of cellular communication. Whether CTGF/CCN2 assume these
function in stress-related pathologies and what other functions CTGF/CCN2
may be associated with in various cell types remain to be investigated. It is
clear, however, that both the expression and function of the immediate early
CCN genes cannot be considered in isolation from the mechanically dynamic
structures within and without the cells and tissues.
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PATHOGENESIS OF SYSTEMIC SCLEROSIS
AND CCN2 (CONNECTIVE TISSUE GROWTH
FACTOR)

Kazuhiko Takehara*

Professor
Department of Dermatology
Kanazawa University Graduate School of Medical Science
and School of Medicine

The pathogenesis of systemic sclerosis(SSc) is not clarified yet, although some
cytokines seemed to be closely related to the fibrotic process of this disor-
der. Transforming growth factor 8 (TGF-8) has received many attentions as
an essential factor in the pathogenesis of various fibrotic disorders. In addi-
tion, we have shown that connective tissue growth factor (CCN2) is closely
related to the pathogenesis of SSc as follows: (i) CCN2 mRNA expression
was observed in the fibrotic lesions but not in the early non-fibrotic lesions or
atrophic lesions; (ii) Serum CCN2 protein concentrations were significantly
elevated, and this was correlated with skin sclerosis and lung fibrosis; and
(ii1) In our animal model, TGF-g induced subcutaneous fibrosis and subse-
quent CCN2 application caused persistent fibrosis, which was correlated with
upregulation of procollagene mRNA promotor activities. Based on these data,
we hypothesize that a two-step process of fibrosis occurs in SSc, that is TGF-8
induces fibrosis in the early stage, and afterwards CCN2 acts to maintain tis-
sue fibrosis.
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1. PATHOGENESIS OF SYSTEMIC SCLEROSIS

Systemic sclerosis (SSc) is a multisystem disorder of connective tissue char-
acterized by excessive fibrosis in the skin and various internal organs such
as the lungs, kidneys, esophagus and heart etc. Although the pathogenesis of
this disease remains unknown, three major abnormalities are emphasized and
intricately connected: autoimmunity, abnormal connective tissue metabolism,
and disturbed vascular systems.

Regarding abnormal connective tissue metabolism and subsequent fibrosis,
many studies suggest that several growth factors and cytokines released from
inflammatory cells, endothelial cells, fibroblasts, and other cells in the involved
organs play important roles in the initiation and the maintenance of connective
tissue fibrosis (LeRoy et al., 1989; Varga et al., 1987; Roberts and Sporn, 1993;
Takehara et al., 1987; Etoh et al., 1990).

Among these factors, the importance of the roles of CCN2 is described in
this chapter.

2. CONNECTIVE TISSUE GROWTH FACTOR AND
FIBROTIC DISORDERS

Connective tissue growth factor (CCN2) has been suggested to play an impor-
tant role generally in the development of various fibrosis. CCN2 is a cysteine-
rich peptide originally identified from cultured human umbilical endothelial
cell (HUVEC) supernatants that exhibitis PDGF-like chemotactic and mito-
genic activities on mesenchymal cells, and appears to be antigenically related
to PDGF A and B chain peptides. (Bradham et al., 1991) Human foreskin
fibroblasts produce high levels of CCN2 mRNA and protein after activa-
tion with TGF-g, but not other growth factors such as PDGF, EGF, or basic
fibroblast growth factor (bFGF) (Igarashi et al., 1993). Thus, CCN2 is a can-
didate autocrine stimulator released in response to TGF-8 in skin fibroblasts
as shown in Fig. 1, and also appears to participate in the pathologic process
of fibrosis.

In fact CCN2 mRNA is overexpressed in a large number of fibrotic con-
ditions, including SSc (Igarashi er al., 1995), localized scleroderma (Igarashi
et al., 1996), keloid (Igarashi et al., 1996), atherosclerosis (Oemar et al., 1997),
renal fibrosis (Ito et al., 1998), inflammatory bowel disease (Dammeier et al.,
1998), chronic pancreatitis (di Mola et al., 1999), lung fibrosis, (Jasky et al.,
1998) and liver fibrosis (Paradis ef al., 1999). CCN2 mRNA expression was
also confirmed in other skin fibrotic disorders including cutaneous fibrohisto-
cytic and vascular tumors (Igarashi er al., 1998).
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Fig. 1. The relationship between TGF-8 and CCN2. CCN2 acts as an autocrine growth factor
when skin fibroblasts are stimulated with TGF-p.

Although it is likely that CCN2 expression is not specific for fibrosis in SSc,
several lines of evidence indicated that CCN2 is closely involved in fibrosis
in SSc.

3. CCN2 AND SSc

Our studies strongly suggest that CCN2 is involved in the pathogenesis of SSc
as follows.

(1) CCN2 mRNA Expression in the Fibroblasts in SSc Sclerotic
Lesions

When tissues from patients with SSc were examined by in situ hybridiza-
tion with the antisense CCN2 probe, dermal fibroblasts were all positive in
all 12 cases that showed histologic sclerosis (Igarashi et al., 1993). Positive
signals were more abundant in the sclerotic stage than in the inflammatory
stage. Moreover, no CCN2 mRNA expression was observed in tissue from
the atrophic stage of SSc or from the presclerotic stage. Our finding of ele-
vated CCN2 mRNA expression in SSc lesions was confirmed using cultured
fibroblasts derived from SSc lesions (Holemes et al., 2001; Shi-wen et al., 2000).

(2) Serum Concentrations of CCN2 in SSc

By ELISA, we examined serum samples from patients with SSc¢ (Sato ez al.,
2000), and serum concentrations of CCN2 were found to be elevated in these
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Fig.2. Concentrations of CCN2 in sera from patients with diffuse cutaneous SSc(dSSc), limited
cutaneous SSc(ISSc), and healthy controls. Serum concentration of CCN2 was determined by
ELISA. Horizontal lines show median values.

patients (Fig. 2). Since the elevated CCN2 levels were not observed in patients
with systemic lupus erythematosus and polymyositis/dermatomyositis, it is
likely that the elevation of CCN2 levels is specific for SSc among various
autoimmune connective tissue diseases. Furthermore, the findings that CCN2
levels correlated with the extent of skin sclerosis and the severity of pulmonary
fibrosis suggest that CCN2 plays a critical role in the development of fibrosis
in SSc (Sato et al., 2000).

(3) An Animal Model of Skin Fibrosis by Exogenous Injection of
TGF-B and CCN2

In 1986, Roberts et al. reported that TGF-g injection into newborn mice caused
granulation tissue formation and skin fibrosis (Roberts ez al., 1986). We initially
tried to establish an animal model of skin fibrosis by TGF-8 injection using a
similar method. We injected 800 ng of TGF-8 1, 2 or 3 into the subcutaneous
tissue of newborn mice for 7 days. All types of TGF-8 caused strong granula-
tion formation and fibrotic changes after 3 consecutive injections; however, a
single injection of TGF-B alone did not cause persistent fibrosis, and fibrosis
disappeared after 7 days (Shinozaki et al., 1986). Therefore, we tried to estab-
lish persistent fibrosis by combination of TGF-8 and other growth factors,
including CCN2, as described (Shinozaki et al., 1997; Mori et al., 1999).
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Table 1. Histological responses to single, simul-
taneous, and serial injections of different growth
factors into newborn mice

Day 4 Day 8 Day 14

TGF-pB alone ++ — —
CCN2 alone + - -
bFGF alone + - -

TGF-+CCN2  +++ +++F +++F
TGF-g +hFGF  ++4++ +++" ++4F

TGF-8 — CCN2  ++ +4* ++
TGF-8 — bFGF ++ ++* ++
CCN2 — TGF-g + + +
b-FGF — TGF-8 + + -

—: no change; =+: slight edema and some cell
infiltration; +: edematous granulation tissue; ++:
granulation tissue consisting of lymphocytes, histi-
ocytes, and fibroblasts; + + +: fibrotic tissue con-
sisting of fibroblast aggregation and extracellular
matrix deposition, and asterisks denotes marked
fibrosis. —: In the first 3 days and next 4 days,
different growth factors were injected.

The results of these experiments are summarized in Table 1. CCN2 injec-
tion caused slight edema and some cell infiltration. Similarly, b-FGF injection
caused slight edematous granulated tissue formation. Simultaneous injection
of TGF-g plus CCN2 or TGF-8 plus b-FGF resulted in fibrotic tissue forma-
tion, consisting of fibroblast aggregation and ECM deposition, persisted for up
to 14 days, even though the injections were discontinued on Day 7. To examine
the tissue response further, two different growth factors were injected serially;
TGF-g on Days 1-3 followed by CCN2 on Days 4-7. Serial injections of CCN2
or b-FGF after TGF-8 caused fibrotic tissue formation (Fig. 3). Injection of
CCN2 or b-FGF before TGF-8 did not cause any significant change compared
with TGF-g alone (Table 1).

There results clearly demonstrate that a single application of any growth
factor is not sufficient to induce persistent fibrosis, despite continuous injec-
tions. Instead, interaction of multiple growth factors seems to be necessary
for the induction of persistent fibrosis in this animal model. Our findings on
serial application of different growth factors suggest that TGF-8 plays an
important role in inducing granulation and fibrotic tissue formation (Mori
etal., 1999).



202 Takehara K

4days injection &=

Newborn mice
TGF-B

3days injection

Cytokine Fibrosis

PBS  — PBS -
TCR-p = TCERE + = = coN2
TGF-8 — CCN2 + ddays injection
CCN2 > TGF-B8 .
CCN2 — (CCN2 =

Fig. 3. TGF-B caused strong granulation formation and fibrotic changes after 3 consecutive
injection;however, this fibrotic changes disappeared ever after 7 consecutive injections. In contrast,
CCN2 injection between 4-7 days caused persistent fibrotic changes.

4. MECHANISM OF PERSISTENT FIBROTIC CHANGES
IN THE ANIMAL MODEL

To further define the mechanisms of skin fibrosis induced by TGF-8 and
CCN2 in vivo, in this study, we investigated the effects of growth factors
on the promoter activity of pro a2 (I) collagen (COL1A2) gene in skin
fibrosis. For this purpose, we utilized transgenic reporter mice harboring the
—17kb promoter sequence of the mouse COL1A2 linked to either a firefly
luciferase gene or a bacterial 8-galactosidase gene. Serial injections of CCN2
after TGF-B resulted in a sustained elevation of COL1A2 mRNA expression
and promoter activity compared with consecutive injection of TGF-g alone
on Day 8. We also demonstrated that the number of fibroblasts with acti-
vated COL1A2 transcription was increased by serial injections of CCN2 after
TGF-g in comparison with injection of TGF-g alone. Furthermore, the serial
injections recruited mast cells and macrophages. The number of mast cells
reached the maximum on Day 4 and maintained relatively high levels up till
Day 8. In contrast to the kinetics of mast cells, the number of macrophages
was increased on Day 4 and continued to rise during the following consecu-
tive CCN2 injections until Day 8. These results suggested that CCN2 main-
tains TGF-B induced skin fibrosis by sustaining COL1A2 promoter activation
and increasing the number of activated fibroblasts. The infiltrated mast cells
and macrophages may also contribute to the maintenance of fibrosis (Chujo
et al.; Fig. 4).
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Fig. 4. CCN2 maintains the TGF-g-induced activation of the COL1A2 promoter in vivo.
A: Newborn transgenic mice were injected with TGF-83, CCN2 or PBS as a control into the
neck subcutaneous tissue once a day for 3 or 7 consecutive days. For some of them, we injected
CCN2 for 4 days after injecting TGF-p for the first 3 days. Luciferase activity, which represents the
activity of pro a2(I) collagen promoter in granulation tissue, was determined on Day 2, 4, 6 and 8
using a luminometer. Closed circles, squares and triangles express control, TGF-g and CCN2,
respectively. Open triangles represent serial injections of CCN2 after TGF-g. Luciferase activity
of the TGF-8 injected mouse reached the maximum levels on Day 4 and fell down to the control
level on Day 8. In contrast high levels of COL1A2 promoter activity was maintained after serial
injections of TGF-g and CCN2. B: The bar graph showed the levels of COL1A2 promoter activity
of consecutive or serial injections on Day 8. Serial injections of CCN2 after TGF-B showed a
12-fold increase in the luciferase activity on Day 8 compared with consecutive injections of PBS
or TGF-B. Values are the mean of 5 mice in each group. *p < 0.01, **p < 0.0001.

5. THE TWO-STEP FIBROSIS HYPOTHESIS IN SSc

Based on the results with TGF-8 and CCN2 described above, we hypothesized
that a 2-step process of fibrosis occurs in SSc. We think that TGF-8 induces
fibrosis in the early stage of SSc, and then CCN2 acts to maintain tissue fibro-
sis. TGF-g induces CCN2 mRNA, but some additional factor is required for
continuous CCN2 mRNA expression, because CCN2 induced in an autocrine
manner disappeared after 3 days injection of TGF-8. The mechanism of con-
tinuous CCN2 expression is a key to this disorder, and efforts to reveal it are
further required (Takehara, 2003).
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I. INTRODUCTION

The CCN family of proteins consists of six highly conserved, cysteine-rich cell
surface and extracellular matrix (ECM)-associated proteins (Brigstock, 2003).
CCN proteins help regulate cell proliferation and motility, as well as numer-
ous other biological properties; they have been implicated in numerous patho-
physiologic models. With one exception — CCNS5 — all CCN proteins have
a distinctive sequence consisting of four polypeptide modules: Insulin-Like
Growth Factor-Binding Protein (IGFBP), von Willebrands Factor-C (VWC),
thrombospondin-1 (TSP1), and a carboxy-terminal (CT) domain. The IGFBP
domain includes a consensus sequence found in all known IGF-binding pro-
teins. The von Willebrand factor type C repeat of the VWC domain is found in
some collagens and mucins, and the domain might have a role in the formation
of protein complexes and protein oligomerization. The thrombospondin type I
repeat (TSP1) domain has been implicated in promotion of cell attachment and
binding to matrix proteins and sulfated glycoconjugates. The carboxy-terminal
(CT) domain is thought to have a role in oligomerization and/or receptor bind-
ing and has been shown to be mitogenic in some cell types.

The CCNS5 gene, known previously as Cop-1 (Delmolino et al., 1997;
2001), rCop-1 (Zhang et al., 1998), Wisp-2 (Pennica et al., 1998), and CTGF-L
(Kumar et al., 1999), encodes the only CCN protein that does not include the
CT domain. Because of this major structural difference, it is expected that many
functions of CCNS5 should be significantly different from those mediated by
the four-domain CCN proteins, reviewed in the other chapters of this volume.

207
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In some model systems, CCNS seems to have opposite or complementary func-
tions to those of the other CCN proteins, leading to the notion that CCNS is
the antagonist (either pharmacologically or biologically) of the four-domain
CCN proteins.

The purpose of this chapter is to review all biochemical data on functions
of CCNS published to date. It is interesting that several investigators inde-
pendently found the CCNS5 gene in screens for genes that were overexpressed
significantly in well-defined cell-based assays in a wide variety of research areas.
The findings of each of these groups are reviewed in the following paragraphs,
and their results are then tabulated together and compared. Finally, we provide
our thoughts on the future directions for CCNS5 research in the context of the
CCN family as a whole.

II. SUMMARY OF DISCOVERIES AND INVESTIGATIONS
OF CCN5

A. Studies of Vascular Smooth Muscle Cells

In 1997, Delmolino and Castellot reported the discovery of a new gene in the
CCN family that had features of a growth arrest gene (Delmolino et al., 1997).
This gene, first named hicp, and then later re-named Cop-1, was found using
the subtractive hybridization method to compare arrays of mRNA molecules
from heparin-treated rat aortic vascular smooth muscle cells (VSMC) to that of
untreated cells (Delmolino et al., 2001). Previous work had shown that VSMC
proliferation is down-regulated by heparin (Castellot et al., 1981). The new
experiments were designed to identify heparin-regulated genes that directly
caused VSMC growth arrest. CCN5 was identified as a heparin-induced gene
that was expressed at high levels in quiescent (serum-starved; Go,) VSMC and
at very low levels in proliferating (serum stimulated) VSMC. The CCNS5 pat-
tern of expression is characteristic of growth arrest-specific genes. Experiments
with cultured VSMC also revealed that addition of serum to growth-arrested
cells causes a rapid fall in CCN5 mRNA expression within two hours, and a
five-fold decrease within 6 hours. Further studies demonstrated that platelet-
derived growth factor (PDGF), but not epidermal growth factor (EGF), also
reduced CCN5 expression five-fold, similar to serum. TGF-8 and INF-8,
known inhibitors of VSMC proliferation, did not induce CCNS5 expression.
Conditioned medium from cells that overexpressed CCNS inhibited prolifer-
ation of VSMC, demonstrating that CCNS is a secreted protein (Delmolino
et al., 2001). Induction of CCNS5 was shown to be specific to VSMC and not
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vascular endothelial cells, or VSMC lines that were resistant to the antiprolif-
erative effect of heparin. However, it should be noted that while heparin did not
induce CCNS expression in vascular endothelial cells, this cell type produces
significant amounts of the protein in the absence of heparin.

Because VSMC hyperplasia has a key role in chronic and acute vascular
pathological processes, and high levels of CCNS5 were found in the normal
rat aorta VSMC, further CCNS5 experiments were based on the rat vascu-
lar injury model (Lake et al., 2003). Following arterial injury, VSMC actively
migrate through the basement membrane of the intimal endothelial cell layer,
proliferate, and form a myointimal lesion. Immunohistochemical analysis of
transverse arterial sections using an antibody to CCN5 showed that abun-
dant CCNS5 protein staining in the medial quiescent VSMC layer of unin-
jured rat carotid arteries disappeared within two days after balloon injury
and returned in both the medial and myointimal VSMC layers 14 days after
injury. To produce this injury repair phenotype, VSMC must acquire both
increased rates of growth and motility. Tests for motility, including scratch
wound, Boyden chamber, and Matrigel invasion assays, demonstrated that
VSMC had increased motility and invasiveness during the proliferative state,
correlating in time with reduced CCNS5 expression. Further experiments were
done using VSMC forced to express higher levels of CCN5. VSMC were trans-
fected with a recombinant adenovirus that carried a CCNS5 gene driven by a
cytomegalovirus (CMYV) promoter (AdCCNS). These studies revealed dose-
dependent decreases in VSMC growth rates, motility, and invasiveness (Lake
et al., 2003). Similar testing of VSMC transfected with AACCNS showed that
adhesiveness and apoptosis were not affected by increased levels of CCNS5.
Transfection with small inhibitory RNA (siRNA) molecules specific for CCN5
added further evidence that CCNS regulates the heparin effect on VSMC pro-
liferation and motility (Lake and Castellot, 2003). Reduction of CCNS5 pro-
tein levels using RNA interference (RNAi) abrogated the heparin-mediated
decrease in VSMC proliferation, and increased VSMC proliferation rates and
motility. Knockdown of CCNS using RNAI caused an increased production
of matrix metalloproteinase-2 (MMP-2), an enzyme used by actively motile
VSMC (and other cells) to digest extracellular matrix. MMP-2 activity is
reduced in VSMC transfected with AAJCCNS, providing more evidence for
CCNS regulation of MMP-2 expression. Reduction of CCNS5 protein levels by
RNAI also resulted in the 50% reduction of expression of smooth muscle cell
a-actin and caused an altered cytoskeletal morphology of VSMC. The results
of caspase-3 assays suggested that knockdown of CCNS5 by RNAIi does not
cause apoptosis in VSMC.
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B. Uterine Smooth Muscle Cells

After initial results from the studies of CCN5 in VSMC were obtained, the
role of CCN5 was investigated in another smooth muscle cell model involv-
ing aberrant proliferation. Human leiomyomas are benign neoplasias of uter-
ine smooth muscle cells that are clinically significant in approximately 20%
of women of reproductive age. It was previously demonstrated that heparin
can inhibit both mitogenesis and motility of human myometrial and leiomy-
oma SMC (Mason et al., 2003). Matched pairs of uterine SMC samples taken
from normal uterine smooth muscle (myometrium) and adjacent leiomyoma
smooth muscle from the same individuals were analyzed for CCN5 expres-
sion using Western blot analysis, real-time PCR, and immunohistochemistry
(Mason et al., 2004a; Mason et al., 2004b). Although expression of CCNS5
mRNA was easily detected in both myometrial and leiomyoma growth-arrested
SMC it was not maintained by heparin after serum stimulation, in sharp con-
trast to VSMC (Lake et al., 2003; Mason et al., 2004a). In a group of ten autol-
ogous pairs of myometrial and leiomyoma SMC, CCNS5 expression was lower
in all ten leiomyoma SMC samples in comparison to their normal myome-
trial counterparts. Overexpression of CCN3 by transfection of the AACCNS
retroviral expression vector used in the VSMC experiments into the uterine
SMC (Lake et al., 2003) resulted in significant reductions of both proliferation
and motility in both myometrial and leiomyoma SMC. This data suggests that
CCNS5 might be necessary to maintain the normal uterine SMC phenotype,
and that loss of CCN5 might result in formation of leiomyomas. Furthermore,
it demonstrates that leiomyoma SMC, despite losing the ability to express
CCNS3, are still responsive to it.

Further study of human myometrial SMC showed that levels of CCN5
mRNA and protein expression are normally 5-fold higher during the proe-
strous (high estrogen) phase of the menstrual cycle than in the mete-
strous (low estrogen) phase, suggesting CCNS5 regulation by estrogen. This
hypothesis was verified in ovariectomized rats treated with exogenous estro-
gen (~90pg/mL; Mason et al., 2004b). Estrogen-treated rats had 4-8-fold
higher levels of CCN5 mRNA and protein in uterine tissue than untreated
animals. Immunohistochemical analysis showed that during the proestrous
phase of the cycle, CCN5 localizes throughout the uterus, including the
endometrium, endometrial glands, myometrium, and serosa. In support of the
hypothesis that estrogen regulates CCNS levels, Mason et al. (2004a) observed
much higher levels of CCN5 mRNA and protein in uterine tissue in women
during the proliferative (high estrogen) phase of their cycle compared to the
menstrual (low estrogen) phase.
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C. Studies of Rodent Embryonic Fibroblasts

The CCNS gene independently emerged from experiments designed to iden-
tify downstream target genes that are activated during cell transformation
caused by activated H-ras in the presence of an inactive P53 gene (Zhang et al.,
1998). The differential display PCR method was used to compare mRNA
from normal rat embryonic fibroblasts (REF) to that of H-ras-transformed
REF. Expression of CCNS5S mRNA, originally named rCop-1, was absent after
cell transformation. Further experiments testing mouse embryonic fibroblasts
(MEF) transformed by a variety of methods, including the alkylating agents
(BPA31 or DA31), Kirsten and SV40 viruses, and spontaneous mutant back-
grounds, showed that MEF transformed by any method undergo the loss of
CCNS mRNA expression. Expression of CCN5 mRNA was absent in murine
fibroblasts during growth arrest and for 12 hours after release from growth
arrest by serum supplementation, and peaked at 20 hours during S phase.
Forced expression of CCNS5 in transformed REF by transfection with retrovi-
ral CCNS expression vectors led to a 10-fold reduction in cell number, caused
in part by cell death, and reduced tumorigenicity.

D. Studies of Transformed Mammary Epithelial Cells and
Human Colon Tumors

CCNS, named Wnt-1 induced signal protein-2 (Wisp-2) in these experiments,
emerged from a study to identify downstream target genes after Wnt-1 trans-
formation of mouse mammary epithelial cells (C57MG) (Pennica et al., 1998).
Using the suppression subtraction hybridization (SSH) method, CCN5SmRNA
was found to be up-regulated 5-fold at two or three days after transformation
induced by Wnt-1 expression. C57MG cells that over-express Wnt-1 demon-
strate induction of CCNS5 mRNA. In the breast tumors of Wnt-1 transgenic
mice, CCNS expression was observed in fibrovascular tumor stroma cells. As
part of the same study, CCN5 mRNA expression was examined in a series of
primary human colon tumors. Although the chromosomal region that includes
the CCNS5 gene was amplified in some of the tumors, CCNS5 mRNA expres-
sion was lower in tumor cells compared to normal mucosal cells by 2-30-fold
in 79% cases tested. The data suggests strongly that CCNS5 is a downstream
target of Wnt-1 signaling.

E. Studies of Human Bone Cells

Analysis of a human osteoblast cDNA library using expressed sequence tag
(EST) analysis revealed a highly expressed CCNS5 gene (Kumar et al., 1999).
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It was first named CTGF-L because of its ~60% sequence identity with
the CTGF gene (CCN2). CCN5S mRNA expression was detected in primary
human osteoblasts and synovial fibroblasts, and in numerous other cell types
found in developing adult and fetal bone, but not in osteosarcoma cells. CCN5
expression in primary osteoblast cells is not affected by osteotropic agents such
as parathyroid hormone, TGF-8, vitamin D, and estrogen. A recombinant
human CCNS was made and tested for direct biochemical assays to character-
ize CCNS physical interactions. These experiments demonstrated that CCN5
binds with high specificity to both IGF-I and IGF-II, blocks binding of fib-
rinogen to integrin receptors, and promotes adhesion of osteoblast cells to
surfaces coated with CCNS. Recombinant human CCNS also inhibited the
production of osteocalcin by rat osteoblast-like cells.

F. Studies of Human Breast Cancer Cells

CCNS was identified in human breast cancer cells (MCF7) in experiments
designed to find new estrogen-responsive genes (Inadera et al., 2000). Serial
analysis of gene expression (SAGE) was used to show that CCNS was one
of four genes with a markedly increased level (16-fold) of mRNA in MCF7
cells treated with estrogen (10 nM). The three other genes found using SAGE,
cathepsin, pS2, and high mobility group 1 protein, have been previously charac-
terized as estrogen-inducible. Further experiments showed that the increase in
CCNS mRNA was completely prevented by co-incubation of estrogen-treated
cells with the pure anti-estrogen agonist ICI182,780, strongly suggesting that
CCNS is directly regulated by estrogen signaling via the estrogen receptor.
CCNS mRNA induction by estrogen was reduced by 75% in the presence
of actinomycin D and not affected by cycloheximide, suggesting that the
estrogen signaling pathway for CCN5 induction depends primarily on new
transcription. Western blot analysis revealed that CCN5 protein induced by
estrogen treatment was also present in conditioned medium from estrogen-
treated MCF7 cells (Inadera ef al., 2002). After addition of 10 nM estradiol
to MCF7 cells, CCN mRNA began to increase at 4 hrs, peaked at 24 hrs,
and remained at the peak level (5-fold higher than unstimulated cells) for
up to 3 days (Inadera et al., 2000; Banerjee et al., 2003). Levels of CCN5
mRNA were estradiol-dose-dependent, with peak levels at 1 nM, and ECs
between 10-100 pM. Induction of CCN5 mRNA in MCF7 cells was par-
tially dissected using phosphokinase (PK) intracellular signaling pathway
activators (Inadera, 2003). Treatment with the protein kinase A (PKA) acti-
vator cholera toxin plus 3-isobutyl-1-methylxanthine (CT/IBMX) induced a
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five-fold increase in CCN5 mRNA expression in MCF7 cells without estrogen
stimulation, with or without the estrogen receptor. In contrast, treatment with
12-O-tetradecanoylphorbol-13-acetate (TPA), a stimulator of protein kinase C
(PKC) activity, completely blocked CCNS mRNA expression in MCF7 cells
stimulated by estrogen. The blocking by TPA was independent from cell
growth.

Other investigators have shown that CCN5 mRNA is minimally detectable
in normal human mammary epithelial cells and over-expressed in serum-
stimulated (including estrogen) MCF7 cells (Zoubine ef al., 2001). In another
series of experiments, human mammary epithelial cells up-regulated CCNS5
mRNA expression after transfection with an estrogen receptor « gene con-
struct, providing additional evidence for CCNS5 regulation via estrogen signal-
ing (Banerjee et al., 2003).

III. CCN5 GENE, mRNA, AND PROTEIN STRUCTURE
A. Tools Developed for Studies of CCN5
1. Antibodies to CCN5

Most investigators of CCNS5 function have generated polyclonal antibodies
in rabbits against portions of the rat and human CCNS protein. All but one
of them are directed against short synthetic polypeptide fragments derived
from the CCNS5 sequence (Table 1). Many of the antibodies are specific
for certain modular domains of CCNS. Kumar et al. (1999) reported that

Table 1. Rabbit polyclonal antibodies made against CCNS.

Species Affinity Amino acid Added CCN module* Reference
purified residues epitopes

rat no 24-250 His6 includes all three modules Zhang et al., 1998
rat yes 103-117 none VWC Castellot
(unpublished)
human 57-69 none IGFBP Inadera et al., 2002
human 88-108 none IGFBP-VWC Zoubine et al., 2001
human yes 103-117 none VWC Lake et al., 2003
human 135-151 none VWC Kumar et al., 1999
human 234-2438 none 5 amino acid residues of TSP Kumar et al., 1999
human 237-250 none 2 amino acid residues of TSP Inadera et al., 2002
human 239-250 none none; carboxy-terminal peptide Zoubine et al., 2001

*CCN5 domain polypeptide sequence coordinates: IGFBP, 24-93; VWC, 98-164; variable
domain, 165-193; TSP, 194-238 (Brigstock, 2003).
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antibodies against VWC domain peptides and the C terminus of CCN5 were
non-neutralizing and therefore not useful for blocking experiments. However,
Lake et al. (2003) reported that the antibody against the human CCNS5 amino
acid residues 103-117 (within the VWC module) was capable of being com-
pletely neutralized by the immunizing peptide. In many of the immunohis-
tochemistry and Western blot experiments, polyclonal antibody preparations
were first affinity-purified using columns made with the immunizing peptide.
None of these antibodies have been reported to cross-react with other members
of the CCN family of proteins, or any other proteins. One of the antibodies was
raised against the full-length CCNS protein (not including the signal peptide)
with an added His6 epitope tag (Zhang et al., 1998).

2. Viral and plasmid CCN5 expression constructs

Several rat CCNS5 expression constructs have been developed to enable over-
expression of CCN3 in cultured cells during experimental or non-physiologic
situations (Table 2). All of them have been shown to produce CCN5-mediated
biological activity. Although two of them have CCNS protein-coding regions
with attached epitopes, there has been no evidence for either gene that the
epitope tag had any biologic affect in the assays performed. None of these
expression constructs have been used in animal models.

3. Inhibitory RNA molecules for CCN5

RNA interference (RNAI) is a simple and inexpensive method to reduce the
expression of any nucleus-encoded gene, such as CCN5. A 21 nucleotide siRNA
was made in vitro for a sequence 306 bp downstream from the CCNS5 translation
start codon (Lake and Castellot, 2003). This CCN5 siRNA was transfected
into VSMC and caused an 80% reduction in endogenous CCNS5 protein levels.
The transfection efficiency was monitored by observing the number of cells

Table 2. Viral and plasmid CCN5 expression constructs.

Construct name  Vector type CCNS insert Added markers Reference
pPMFG-S-rCop-1 retrovirus ~ complete rat cDNA none Zhang et al., 1998
pBabe-Puro-rCop-1 retrovirus ~ complete rat cDNA none Zhang et al., 1998
pA3M/COP-1 mammalian complete rat cDNA C-terminal myc Delmolino et al.,

expression 2001
AdCCN5 adenovirus complete rat cDNA C-terminal HA; Lake et al., 2003

separate GFP gene
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that displayed fluorescence after transfection of fluorescein labeled siRNA;
the fraction transfected was routinely >90%.

4. Recombinant CCN5

Pure recombinant CCNS5 would enable a wide variety of new experiments
to dissect its structure and function. Unfortunately, the low solubility and
high “stickiness” of CCNS5, probably caused at least in part by its high (11%)
cysteine content and the presence of several protein-binding sequence motifs,
has made large-scale preparations of recombinant CCNS very difficult. Only
two examples of recombinant CCNS5 have been reported.

To obtain enough rat CCNS to prepare a polyclonal antibody against the
full-length protein, a 741 bp cDNA fragment that contained the entire CCN5
coding region without the N-terminal 23 amino acid signal peptide was made
using PCR and inserted into the His6-tag expression vector pQE32 (Zhang
etal., 1998). The recombinant pQE32 CCNS5 was transformed into bacteria to
produce the His6-tagged CCNS5 fusion protein. This protein was insoluble
when produced in bacteria, and it was necessary to purify it on a nickel-
Sepharose column under denaturing conditions to obtain enough protein to
immunize a rabbit. No other experimental uses have been described for this
recombinant rat CCN5 protein.

A recombinant human CCNS5 protein was made using a cDNA clone
with the complete coding sequence (Kumar et al., 1999). Appropriate 5'- and
3’-untranslated regions were attached to the cDNA fragment and the gene con-
struct was then inserted into the CDN expression vector. In this vector, CCN5
expression was driven by a CMV promoter. In addition, two epitope tags were
added, including an HIV polypeptide and His6 tag after the signal sequence
with an enterokinase cleavage site between the epitope tags and CCNS5. This
CCNS expression plasmid was transfected into CHO cells by electroporation
and cells expressing CCN5 were bulk-selected in nucleoside-free medium. Con-
ditioned medium from a large-scale culture of CHO-rhCCNS5 cells was used to
purify rhCCNS5 on a TALON metal affinity column. As in the previous exam-
ple of recombinant CCNS5, poor expression of soluble secreted CCNS was
reported. However, the amount of hCCNS5 obtained was enough to perform
several biochemical experiments as summarized above.

B. CCN5 Gene Location, mRNA Structure, and Promoter

The human CCN5 gene was mapped to human chromosome 20 using the
radiation hybrid mapping technique (Pennica ez al., 1998). The CCNS gene is
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in the middle of the long arm, at cytogenetic position 20q12-q13.1, approx-
imately 63 kb distal from the adenosine deaminase (ADA) gene, the gene
affected in severe combined immune deficiency (SCID). The other five known
CCN genes are on different chromosomes (chromosomes 1, 6, and 8). The
recently concluded human genome sequence project has produced the com-
plete sequence of chromosome 20, as well as the sequence of the entire CCN5
gene. CCNS5 has four exons of 96, 216, 254, and 842 bp separated by three
introns of 4543, 4225, and 2095 bp. Several different CCN5 cDNA clones have
been sequenced and taken together strongly suggest that the processed mRNA
sequence includes 1708 nucleotides, including a 261 nucleotide 5’ untranslated
region, the 750 nucleotide open reading frame encoding the 250 amino acid
residues, a 730 nucleotide 3’ untranslated region beginning with a TAA stop
codon at nucleotide 1011, and an mRNA poly-A addition consensus site at
nucleotide 1710 (Zhang et al., 1998; Delmolino et al., 2001). The rat and human
CCNS5 amino acid sequences are ~74% identical (Kumar et al., 1999). As dis-
cussed above, the CCN5 polypeptide sequence includes the IGFBP, VWC,
and TSP1 modules that are homologous to the same modules in the 4-domain
CCN family proteins.

Approximately three kb of DNA sequence upstream from the CCNS5 trans-
lation start site has been analyzed (John Castellot, unpublished observations).
This region includes three TATA box motifs, a CCAAT box, AP-1, AP-2, and
AP-4 recognition sites; motifs for MyoD, motifs for heat shock factors, and
stress response elements (recognized by p53). The presence of stress response
elements supports the designation of CCNS5 as a growth arrest gene that is
expressed as part of the rescue response of cells subjected to potentially lethal
environmental influences. An expression plasmid construct was generated that
included the CCNS5 3 kb upstream promoter region ligated to the luciferase
reporter gene (John Castellot, unpublished observations). This was transfected
into rat VSMC and COS-7 fibroblasts. Both cell types demonstrated increased
luciferase activity, and the VSMC had 3-5 fold higher luciferase activity levels
than the COS-7 cells. Functional analysis of the CCNS5 promoter has been
done using deletion derivatives of the CCNS upstream region to drive the
pGL3 basic control luciferase gene promoter. Rat VSMC were transfected
with these constructs and grown in medium containing 10% serum with or
without 300 ug/mL heparin or chondroitin sulfate (glycosoaminoglycan con-
trol). The background level of luciferase activity was 12—18 units, and the full
length CCNS5 upstream fragment resulted in 360 units of activity. All deletion
constructs, except for one that included a heparin response element, produced
low levels of luciferase when the transfected cells were grown with heparin
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stimulation. The heparin response element in the CCNS5 promoter caused a
20-fold increased stimulation of the luciferase reporter gene. To our knowl-
edge, this is the first demonstration of a glycosaminoglycan-response element
in a promoter.

C. Analysis of the Molecular Size of the CCNS5 Protein

The cDNA sequence predicts a molecular weight of CCNS of 27.5 kDa. West-
ern blot analysis has been used to monitor the molecular weight and abundance
of the CCNS5 protein in many of the studies described above. In some studies,
the CCNS5 protein under study has been modified by the addition of short epi-
tope polypeptide markers. The molecular weights of CCNS reported vary from
28 kDa (in growth arrested VSMC conditioned medium and cell lysates made
from AdCCNS5-transfected VSMC; Lake et al., 2003), 26 kDa (in conditioned
medium from osteoblasts; Kumar et al., 1999), 28 kDa (in 10nM estrogen-
induced MCF7 cell lysates, conditioned medium, and ECM; Inadera et al.,
2002), 31 kDa (in MCF7 cell lysates; Zoubine et al., 2001), 28 kDa (HA-tagged
CCNS from AdCCNS5 in myometrial uterine SMC using anti-HA; Mason
et al., 2004a), 31 kDa (conditioned medium from VSMC transfected with an
expression vector encoded CCNS5 with a myc tag; Delmolino et al., 2001),
and 31 kDa (conditioned medium from Rat-1 embryonic fibroblast transfected
with a CCNS5 gene that had no leader peptide and a His6 tag; Zhang et al.,
1998). Most of the examples listed here are analyses of CCNS5 secreted into
the medium, expression vector encoded CCNS, or CCNS5 produced by tumor
cells; none are from lysates made from unperturbed animal cells.

Recent Western blot analyses of lysates from unperturbed cells and tissues
reveal a more complex array of CCNS size variants (Mark Gray and John
Castellot, unpublished results). Organs and tissues (aorta, uterus, heart, liver,
pancreas, spleen, stomach, skeletal muscle, ovary, and kidney) were carefully
dissected from adult male and female mice and rats and separated from sur-
rounding tissues immediately post-mortem and frozen. Tissue lysates exam-
ined on Western blots after electrophoresis in 15% polyacrylamide-SDS gels
revealed a prominent band at 47 kDa in all samples, and a more modest 28 kDa
band in some. Additional bands of approximately 45 kDa, 58 kDa, and sev-
eral other larger species were also found among some of the tissues analyzed.
CCNS5 bands of lower molecular mass than 28 kDa were not detected. Com-
parison of lysates made from the same tissues in both rat and mouse demon-
strated that patterns of tissue-specific variants were the same in both animals.
The sum of the band intensities of all CCNS5 variants in each tissue lysate
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was proportional to the intensity of CCNS staining in immunohistochemical
analyses of adult tissues (discussed below; Mark Gray and John Castellot,
unpublished results). These data suggest that CCN5 is modified in vivo by
tissue-specific post-translational modification(s) in many, if not all, organs and
tissues.

IV. MODELS USED FOR THE STUDY OF CCNS
EXPRESSION

A. Tissue and Animal Models

CCNS has been studied in living animals and in animal tissues, as briefly
described earlier (Table 3). Animal models include observational studies of
normal cycling female rats (Mason et al., 2004a), and rats subjected to experi-
mental treatments such as ovariectomy followed by exogenous estrogen admin-
istration (Mason et al., 2004b) and balloon injury to the carotid artery (Lake
et al., 2003). Only a small number of normal human tissues have been exam-
ined for CCNS expression. No general conclusions about CCNS5 tissue-specific
expression can be made with certainty from this extremely short list of stud-
ies of normal tissues and tumors, except that CCNS5 expression tends to be
decreased or absent in neoplastic cells. Because of the cost and complexity of
analyzing CCNS5 expression in animals and tissues, most studies to date have
been directed toward cultured cells.

B. Cultured Cell Models

Most of the information known about the CCNS protein was obtained through
the study of cultured mammalian cells. A variety of normal and neoplastic
cell types have been examined and experimentally challenged to provide clues
about CCNS5 expression and function (Table 4). Normal cell types analyzed
include SMC from rat aorta, SMC from rat and human uterus, mouse skeletal
muscle, endothelial cells from rat epididymis, mammary epithelial cells from
the mouse and humans, rat embryonic fibroblasts, and several cell types from
human bone. In some experiments, normal cells were manipulated by addition
of regulators such as serum, heparin, and estrogen; these results are summa-
rized below. Neoplastic cells analyzed for CCNS expression include mouse and
human breast tumor cells, human ovarian carcinoma cells, human osteosar-
coma cells, and rat embryonic fibroblasts transformed using H-ras and P53
gene mutations. Normal and transformed cells have been induced to over- and
under-express CCNS5 using either biochemical inducers, transfected CCN5



Table 3.

Analysis of CCNS5 expression in animal models.

Organ or tissue

Experimental
conditions

Methods of analysis

CCNS expression

Reference

rat uterus

ovariectomized rat uterus

injured rat common
carotid artery

human colon mucosa

human colon
adenocarcinoma

stromal fibroblasts in
murine breast carcinoma

human osteosarcoma
human osteoclastoma

human fetal bone

normal growth

exogenous estrogen

balloon injury

normal growth

normal growth

Wnt-1 over-expression

normal growth
normal growth

normal growth

Q-PCR; Western; IHC

Q-PCR; IHC

IHC

RT-PCR
RT-PCR

IHC

Northern
Northern
THC; Northern

mRNA and protein increased
5-fold during pro-estrus

mRNA increased 5.5-fold;
protein increased 7.7-fold

protein present in media pre- and
post-injury; in intima post-injury
mRNA present

mRNA under-expressed 2-30-
fold in 79% of tumors

mRNA present

mRNA absent
mRNA absent
mRNA and protein present

Mason et al., 2004b

Mason et al., 2004b

Lake er al., 2003

Pennica et al., 1998

Pennica et al., 1998

Pennica et al., 1998

Kumar et al., 1999
Kumar et al., 1999
Kumar et al., 1999

IHC: immunohistochemistry; Q-PCR: quantitative (real-time) PCR; RT-PCR: reverse transcriptase PCR.
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Table 4.  Analysis of CCNS expression in cultured cell models.

Cell type

Experimental
conditions

Methods of analysis

CCNS expression
found

Location

Biological effects of
CCNS expression

Reference

rat vascular smooth muscle cells heparin treatment

rat vascular smooth muscle cells transfected with

with exogenous CCNS5 gene

rat vascular smooth muscle cells
with reduced CCN5 expression

rat epididymal endothelial cells

murine fibroblasts (3T3 and
COS-7)

COS-7 murine fibroblasts that

over-express CCNS

human myometrial uterine
smooth muscle cells

human leiomyoma uterine
smooth muscle cells

human uterine smooth muscle

cells over-expressing CCNS

human leiomyoma smooth
muscle cells over-expressing
CCN5

AdCCN5

transfected with
RNAI-CCN5

growth arrested

growth arrested

transfection with
pA3M-CCN5

growth arrested

growth arrested

transfected with
AdCCNS5

transfected with
AdCCN35

murine skeletal muscle (C2C12) growth arrested

Differential display; mRNA and protein high cell surface; perinuclear decreased cell proliferation Delmolino et al., 2001

Northern; Western;
IHC

THC; Western

Q-PCR; Western;
THC; zymography

Northern
Northern

IP from conditioned
medium

THC; Western;
Q-PCR

THC; Western;
Q-PCR
Western; Q-PCR

Western; Q-PCR

Northern

in quiescence; low
during proliferation

7-fold increase in CCNS  cell surface; perinuclear

mRNA and protein
decreased by ~80%
mRNA absent

mRNA generally absent;
tiny signal for 3T3

protein in conditioned
medium

mRNA and protein
expressed in proestrus
high in Go; mRNA and
protein down-regulated
throughout cell cycle
protein and mRNA up-
regulated

protein and mRNA up-
regulated

mRNA absent

(Golgi); vesicular

(Golgi); vesicular

secreted

and motility
reduces MMP-2 expression

MMP-2 increased ~2-fold;
reduced actin filaments

secreted CCNS inhibited
proliferation of VSMCs

maintains quiescence

reduced cell proliferation
and motility

reduced cell proliferation
and motility

Lake et al., 2003
Lake er al., 2003
Lake and Castellot, 2003
Lake and Castellot, 2003

Delmolino et al., 2001
Delmolino et al., 2001

Delmolino et al., 2001

Mason et al., 2004a

Mason et al., 2004a

Mason et al., 2004a

Mason et al., 2004a

Delmolino et al., 2001
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Table 4. (Continued)
Cell type Experimental = Methods of analysis CCNS expression Location Biological effects of Reference
conditions found CCNS expression
mouse fibroblasts (3T3-A31) growth arrest and Northern mRNA throughout cell Zhang et al., 1998
serum stimulated cycle (peaks in S-phase);
no mRNA in quiescence
rat embryonic fibroblasts serum stimulated differential display =~ mRNA in continuously Zhang et al., 1998
Northern growing cells
rat embryo fibroblasts that over- transfected with ~ Northern; Western; mRNA and protein no dead cells Zhang et al., 1998
express CCNS retroviral CCN5  FACS produced
primary human osteoblasts from serum stimulated EST analysis; IHC; mRNA, protein secreted Kumar et al., 1999
trabecular bone Northern; Western;
ISH;
primary human synovial serum stimulated Northern; IHC; ISH; mRNA, protein secreted Kumar et al., 1999
fibroblasts Western
mouse mammary epithelial none SSH; low mRNA levels Pennica et al., 1998
(C5TMG) Northern
human mesangial cells serum stimulated Northern no mRNA Kumar et al., 1999
human stromal cells (TF274) serum stimulated Northern no mRNA Kumar et al., 1999
human mammary epithelial cells serum stimulated RT-PCR little mRNA; Zoubine et al., 2001
(HUMEC) Western no protein
CHO-recombinant that expresses cells transfected ~ Western; N-terminal increased protein secreted Kumar et al., 1999

rhCCNS

with rhCCN5

protein sequencing

(Continued)
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Table 4.  (Continued)

Cell type Experimental Methods of analysis CCNS expression Biological effects of Reference
conditions found CCNS expression

H-ras-transformed mouse transformed by ~ Northern no mRNA Zhang et al., 1998
embryonic fibroblasts (MEFs)  mutations

(activated ras and

loss of p53),

chemicals, and

viruses
transformed rat embryonic serum stimulated differential display no mRNA Zhang et al., 1998
fibroblasts Northern
transformed rat embryonic transfected with  Northern; Western; mRNA and protein cell surface; perinuclear 10-fold reduced cell Zhang et al., 1998
fibroblasts that overexpress retroviral CCN5- THC; FACS; produced (Golgi) and vesicular ~ number at 3 days; many

CCNS

mouse mammary epithelial cells
(C57TMG) overexpressing Wnt-1

human breast tumor cells
(MCF7)

human breast tumor cells
(MCF7)

human osteosarcoma cells

human ovarian carcinoma cells
(HeLa)

His6 tag

transfected with
Whnt-1 retrovirus

serum stimulated

estrogen
stimulated

serum stimulated

serum stimulated

tumorigenicity tests
SSH; Northern

RT-PCR; Northern;
Western

SAGE; Northern blot;
Western blot

Northern; ISH
Northern

mRNA induced 5-fold

mRNA 5.3-fold higher
than growth arrested
cells; protein present

16-fold increased mRNA protein in conditioned
medium and in ECM

with 10 nM estrogen
no mRNA
no mRNA

dead cells; reduced
tumorigenicity

Pennica et al., 1998

Zoubine ef al., 2001

Inadera er al., 2000
Inadera er al., 2002

Kumar et al., 1999
Kumar et al., 1999

ECM: extracellular matrix; IHC: immunohistochemistry; IP: immunoprecipitation; ISH: in situ hybridization; Q-PCR: quantitative (real-time) PCR; RT-PCR: reverse-
transcriptase PCR; SAGE: serial analysis of gene expression; SSH: sequential subtractive hybridization; FACS: fluorescence-activated cell sinting.
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expression vectors, or CCNS5 small inhibitory RNAs. Cells were examined for
mRNA or protein expression using a wide variety of standard molecular tech-
niques. Most of the data from these experiments consists of variations in the
level of CCNS expression, with a few examples of subcellular localization data.
Biological effects of CCNS5 expression in these models are discussed further
below.

C. Other Cells and Tissues Examined for CCN5 Expression

The experiments summarized in Tables 3 and 4 suggest that CCNS5 is expressed
in a wide variety of mammalian cell types. In some of the studies, other tis-
sues were surveyed for the presence (or absence) of CCN5 mRNA expres-
sion (Table 5). All available data is grouped in Table 5 by organ/tissue tested.
No experimental manipulations to alter CCNS5 expression were deliberately
imposed on the tissues and organs included in these surveys. Almost all of
them are tests for the presence of CCNS mRNA in mRNA preparations made
from whole organs and displayed on Northern blots. Three investigators used
commercially-prepared Northern blots that included 2 pug of poly(A)+ RNA
from various organs/tissues loaded in each lane (all from Clontech, Inc.). All
of the data reported in one of the studies is negative, i.e., no CCN5 mRNA
was found in any rat and mouse tissue tested by Northern blot (Zhang et al.,
1998). For some organs (leukocytes, spleen, pancreas, liver, stomach, kidney,
and placenta), no CCN5 mRNA was detected in any of the studies. For other
organs/tissues (such as heart, lung, intestine, testis, ovary, skeletal muscle, and
bone), one or more studies reported the presence of CCNS5 mRNA.

There is much variability in the Northern blot data, even when the same
commercial blots were tested by different investigators (Pennica et al., 1998;
Kumar et al., 1999). In some cases, results for the same tissue (lung, intestine,
skeletal muscle) ranged from negative (—) to strong (4+++) expression levels.
Analysis of organ/tissue mRNA localization by Northern blots might reveal
where high levels of CCNS transcription take place, but cannot reveal where
the secreted protein is normally localized. The Northern blot experiments are
limited by mRNA abundance and the balance of cell/tissue types represented
in the organ mRNA preparations and thus may not have enough sensitivity to
detect CCNS5 reliably in some instances.

The sensitivity of Northern blot analysis for detection of CCN5 mRNA
is called into question further when compared with CCNS5 protein localiza-
tion data. CCNS distribution in both adult and embryonic animals has not
been mapped either spatially or temporally in a systematic manner. In recent
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Table 5. Survey of tissues and organs for expression of CCN5 mRNA.
Organ Expression™ Method Reference

Brain

mouse — ISH; Northern  Zhang et al., 1998

rat — ISH; Northern  Zhang et al., 1998

rat + Northern® Delmolino et al., 2001

human - Northern? Kumar et al., 1999

human — Northern? Pennica et al., 1998

human fetal — Northern® Pennica et al., 1998
Heart

mouse - ISH; Northern  Zhang et al., 1998

rat — ISH; Northern  Zhang et al., 1998

rat ++ Northern? Delmolino et al., 2001

human + Northern? Kumar et al., 1999

human — Northern? Pennica et al., 1998

human fetal — Northern? Pennica et al., 1998
Lung

mouse — ISH; Northern  Zhang et al., 1998

rat — ISH; Northern  Zhang et al., 1998

rat +++ Northern? Delmolino et al., 2001

human ++ Northern? Kumar et al., 1999

human — Northern? Pennica er al., 1998

human fetal ++ Northern? Pennica et al., 1998
Blood vessels

rat aorta ++ Northern Delmolino et al., 2001

human giant cell bone tumor — ISH Kumar et al., 1999
Blood

human leukocytes - Northern? Kumar et al., 1999

human leukocytes - Northern® Pennica et al., 1998
Thymus

human — Northern? Kumar et al., 1999

human — Northern? Pennica er al., 1998

human fetal — Northern? Pennica et al., 1998

Spleen
mouse
rat
rat
human
human
human fetal

ISH; Northern
ISH; Northern
Northern?
Northern®
Northern?
Northern?

Zhang et al., 1998
Zhang et al., 1998
Delmolino et al., 2001
Kumar et al., 1999
Pennica et al., 1998
Pennica et al., 1998
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Table 5.  (Continued)
Organ Expression* Method Reference

Pancreas

mouse — ISH; Northern  Zhang er al., 1998

rat — ISH; Northern  Zhang er al., 1998

human — Northern® Kumar et al., 1999

human - Northern? Pennica et al., 1998
Liver

rat = Northern? Delmolino et al., 2001

human — Northern?® Kumar et al., 1999

human - Northern? Pennica et al., 1998

human fetal — Northern? Pennica et al., 1998
Stomach

mouse — ISH; Northern = Zhang et al., 1998

rat — ISH; Northern  Zhang et al., 1998
Intestine

mouse — ISH; Northern  Zhang er al., 1998

rat — ISH; Northern = Zhang et al., 1998

human small — Northern® Kumar et al., 1999

human small — Northern? Pennica et al., 1998

human colon + Northern? Kumar et al., 1999

human colon +++ Northern® Pennica et al., 1998
Kidney

mouse — ISH; Northern ~ Zhang et al., 1998

rat — ISH; Northern = Zhang er al., 1998

rat - Northern? Delmolino et al., 2001

human - Northern? Kumar et al., 1999

human — Northern? Pennica et al., 1998

human fetal — Northern® Pennica et al., 1998
Prostate gland

human + Northern? Kumar et al., 1999

human — Northern? Pennica et al., 1998
Testis

rat + Northern? Delmolino et al., 2001

human ++ Northern? Kumar et al., 1999

human — Northern? Pennica et al., 1998
Ovary

human +++ Northern? Kumar et al., 1999

human +++ Northern® Pennica et al., 1998
Uterus

rat +++ Q-PCR Mason et al., 2004b

human +++ Q-PCR Mason et al., 2004a
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Table 5.  (Continued)

Organ Expression™ Method Reference

Skeletal muscle

mouse — ISH; Northern Zhang et al., 1998
rat - ISH; Northern Zhang et al., 1998
rat + Northern® Delmolino et al., 2001
human + Northern? Kumar et al., 1999
human +++ Northern? Pennica et al., 1998
human fetal — Northern? Pennica et al., 1998
Placenta
human - Northern? Pennica et al., 1998
human — Northern? Kumar et al., 1999
Embryo
whole mouse — ISH; Northern Zhang et al., 1998
Bone
human osteoblasts-1° spongiosa +++ ISH Kumar et al., 1999
human fetal osteoblasts-1° spongiosa ++ ISH Kumar et al., 1999
human osteoblasts-2° spongiosa + ISH Kumar et al., 1999
human fetal osteoblasts-2° spongiosa + ISH Kumar et al., 1999
human synovial macrophages ++ ISH Kumar et al., 1999
human bone marrow cells +to+++ ISH Kumar et al., 1999
human osteoclasts +/— ISH Kumar et al., 1999
human fetal bone chondrocytes ++ ISH Kumar et al., 1999
human fetal bone myocytes + ISH Kumar et al., 1999
human tumor stromal cells + ISH Kumar et al., 1999
human tumor osteoblasts + ISH Kumar et al., 1999
human tumor osteocytes + ISH Kumar et al., 1999
human tumor osteoclasts - ISH Kumar et al., 1999
human tumor bone marrow cells +/— ISH Kumar et al., 1999
human tumor macrophages — ISH Kumar et al., 1999
human osteoclastoma tissue - Northern Kumar et al., 1999

*Levels of expression: (—) negative; (+) weak; (+-+) moderate; (+++) strong;
4Clontech Northern blot tissue array; ISH: in siru hybridization; Q-PCR: quantitative (real-time)
PCR.

immunohistochemistry experiments (Mark Gray et al., unpublished results),
adult organ and tissue samples from male and female mice and rats were
isolated and frozen sections were analyzed by immunohistochemistry using
the affinity purified, anti-CCNS5 (amino acid residues 103-117 in the VWC
domain; Table 1). Intense CCNS expression was detected in the heart, aorta,
uterus, bronchi, and digestive tract organs, as predicted by the Northern blot
data (Table 5). However, CCNS protein was also detected in many other adult
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tissues analyzed, including the pancreas, spleen, skeletal muscle, ovary, testis,
thymus, brain, and kidney. Although CCNS5 expression was often found in the
smooth muscle-like tissues within an organ (for example, in the mesangial cells
of the kidney glomerulus), strong expression of CCNS5 protein in epithelial
and endothelial tissues was also observed. Expression in the epithelial lining
of ducts in the kidney and uterine endometrium was particularly striking. It is
possible that CCNS5 is expressed in all tissues and cell types at some time during
development and adult life. In other experiments, the distribution of CCN5
protein in embryos has been analyzed by immunohistochemistry (Jones et al.,
unpublished results). High levels of CCNS protein expression were observed
in all organs and tissues of mouse embryos (8-14 dpc). Ubiquitous embry-
onic distribution of CCNS5 protein might be caused by exposure to high levels
(~2ng/mL or 1 x 10~8 M) of estrogen in utero. The wide distribution of CCN5
expression in embryos and adult organs and tissues suggests that CCNS5 might
have many additional biological functions beyond those previously identified
in the highly-focused studies reviewed here.

V. BIOLOGICAL EFFECTS OF ALTERED CCNS5
EXPRESSION

A. Arrest of Cell Proliferation

Changes in rates of cell proliferation after alterations of CCNS5 expression
have been reported (Table 6). In rat VSMC, CCN35 expression causes dose-
dependent abrogation of cell proliferation (Delmolino et al., 2001; Lake et al.,
2003). Increased expression of CCNS5 in rat embryonic fibroblasts transformed
by H-ras in the presence of a P53 gene loss-of-function mutation results in a
sudden arrest of cell proliferation and an induction of “cytotoxic” killing of
cells (Zhang et al., 1998). Although the magnitude of CCNS5 induction was
the same in both cell types, the mechanisms of growth arrest may be very
different. It is also possible that the induction of apoptosis in the transformed
rat embryonic fibroblasts is caused by the inability of neoplastic cells to enter
the quiescent (G,) state. Since the cells could undergo apoptosis if they are
unable to enter quiescence, the apparent induction of apoptosis by CCN5 may
be indirect and separate from its induction of growth arrest.

B. Promotion of Cell Proliferation

In contrast to CCNS5-mediated growth arrest, serum induction of CCNS5
in MCF7 breast tumor cells caused a three-fold increased number of cells
(Zoubine et al., 1998). Neoplastic breast epithelial cells have many differences



Table 6. Biological effects following altered CCN5 expression.

Biological Cell or tissue Method of CCNS level Modifications Magnitude of Reference
effect modifying CCN5 to CCN5 biological effect
expression

Proliferation rat vascular smooth serum stimulated + 5-fold increase none 50% reduced number of Delmolino ez al., 1998
muscle cells exogenous CCNS cells

Proliferation rat vascular smooth transfection with 7-fold increase C-terminal HA 50% reduced number of Lake et al., 2003
muscle cells AdCCNS tag cells (300 moi AACCNY)

Proliferation human uterine transfection with 7-fold increase C-terminal HA 65% reduced number of Mason et al., 2004a
myometrial smooth AdCCNS tag cells (200 moi AACCNYS)
muscle cells

Proliferation human uterine transfection with 7-fold increase C-terminal HA 65% reduced number of Mason et al., 2004a
leiomyoma smooth AdCCNS5 tag cells (200 moi AACCNYS)
muscle cells

Proliferation transformed rat transfection with increased; levels His6 tag 90% fewer cells Zhang et al., 1998
embryonic fibroblasts pBabe-CCNS not reported

Proliferation human breast carcinoma serum stimulation 5.3-fold increase none ~3-fold increased cells 1d Zoubine et al., 2001
cells (MCF7) after serum induction

Motility rat vascular smooth transfection with 7-fold increase C-terminal HA 3-fold reduced motility Lake et al., 2003
muscle cells AdCCNS tag (300 moi AACCNS5)

Motility human uterine transfection with 7-fold increase C-terminal HA 49% reduced motility Mason et al., 2004a
myometrial smooth AdCCNS tag
muscle cells

Motility human uterine transfection with 7-fold increase C-terminal HA 71% reduced motility Mason et al., 2004a
leiomyoma smooth AdCCNS5 tag
muscle cells

Motility rat vascular smooth transfection with 5-fold reduction none ~2-fold increased motility Lake and Castellot, 2003
muscle cells CCNS5 siRNA

Invasiveness rat vascular smooth transfection with 7-fold increase C-terminal HA 5-fold reduced Lake et al., 2003
muscle cells AdCCNS5 tag invasiveness; 4-fold reduced

MMP-2 protein level
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Table 6. (Continued)
Biological Cell or tissue Method of CCNS level Modifications Magnitude of Reference
effect modifying CCNS to CCN5 biological effect
expression

Adhesion rat vascular smooth transfection with 7-fold increase C-terminal HA no significant effect Lake et al., 2003
muscle cells AdCCNS tag

Adhesion human osteoblasts, cell binding to 3-300 ng/mL none 3-20-fold increased Kumar et al., 1999
osteosarcoma cells, and rhCCN5-coated rhCCN35 bound adhesion
osteoblast-like cells surface to well surface

Apoptosis transformed rat transfection with increased; levels His6 tag elevated FACS sub-G1 Zhang et al., 1998
embryonic fibroblasts pBabe-CCNS5 not reported peak (more DNA

fragmentation)

Apoptosis rat vascular smooth transfection with 6-7-fold increase ~ C-terminal HA no significant effect Lake er al., 2003
muscle cells AdCCNS tag

Apoptosis rat vascular smooth transfection with 5-fold reduction none no effect Lake and Castellot, 2003
muscle cells CCNS5 siRNA

Morphology rat vascular smooth transfection with 5-fold reduction none fewer stress fibers; 50% Lake and Castellot, 2003
muscle cells CCNS siRNA reduced a-actin mRNA

Tumorigenicity  transformed rat transfection with increased; levels his markedly reduced tumor ~ Zhang, 1998
embryonic fibroblasts retroviral vector not reported size

expressing CCNS
Osteocalcin rat Ros 17/2.8 osteoblast  incubation in 1% 1-3000 ng/mL none ~50% reduction of Kumar, 1999
secretion like cells FCS + rhCCN5 +  rhCCNS protein osteocalcin production

vitamin D
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from other cell types in the activity of intracellular signaling pathways; these
differences might cause CCNS5 to produce apparently opposite effects to those
observed in an unperturbed cell types such as VSMC.

C. Inhibition of Cell Motility

Rat VSMC transfected with AACCNS5 have a 7-fold increased level of CCNS
mRNA and a 70-80% decrease in motility (Table 6; Lake et al., 2003). In
concordance with this observation, human uterine SMC — both normal and
fibroid — also display significantly decreased motility when CCNS is over-
expressed (Mason et al., 2004a). Conversely, VSMC transfected with CCN5
siRNA have a 2-fold increase in motility (Lake and Castellot, 2003). Motility
regulation by CCNS5 expression has not been studied in any other cell type.

D. Cellular Invasiveness

In the only test of the ability of CCNS to promote invasiveness, rat VSMC
transfected with AACCNS5 were compared to untreated VSMC in their ability
to invade Matrigel-coated chambers (a surrogate model for basement mem-
branes; Lake er al., 2003). CCNS5 over-expression caused an 80% reduction
in VSMC invasiveness and a 75% reduction in matrix metalloproteinase-2
(MMP-2) protein expression (Lake and Castellot, 2003). CCNS5 regulation of
cellular invasiveness has not been reported in any other cell type.

E. Adhesion of Cells to Substrates

CCNS5 mediation of the ability of cells to adhere to substrates has been tested in
two model systems (Table 6). In experiments that utilize recombinant human
CCNS, several types of bone cells demonstrate 3—20-fold increased adherence
to plastic wells coated with CCN5 compared to uncoated plastic wells (Kumar
etal., 1999). In contrast, rat VSMC that over-express CCNS after transfection
of AACCNS do not adhere to plastic or collagen I-coated plastic any differently
from untreated VSMC (Lake et al., 2003). The apparent difference in substrate
adhesion between these two cell types might be caused by experimental differ-
ences since the methods for increasing CCNS levels and the assays used were
very different.

F. Induction of Apoptosis

Apoptosis has been tested in rat VSMC by measuring levels of caspase-3 activ-
ity after induction or blocking of CCN5 mRNA (Table 6). Approximately
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5-6-fold increased or decreased CCN5 mRNA does not affect levels of
caspase-3 activity in rat VSMC (Lake ef al., 2003; Lake and Castellot, 2003).
In contrast to rat VSMC, over-expression of CCNS5 by transfecting a CCNS5
expression vector into H-ras-transformed REF cells results in a 10-fold loss of
cells 3 days after transfection and the appearance of many dead cells (Zhang
et al., 1999). Fluorescence-activated cell sorting (FACS) revealed a significant
sub-G; DNA content peak from fragmented cells in transformed REF cells
that over-express CCN5 compared to untreated REF. Although apoptosis has
no role in CCNS expression in VSMC, transformed cells may have defective
cell cycle pathways for exiting the cycle and entering Gg, and thus may have no

choice but to undergo apoptosis when they are stimulated to enter quiescence
by CCNS.

G. Morphology

The only example of cytoskeletal changes caused by alterations of CCN expres-
sionis in rat VSMC that experience an 80% reduction in CCNS expression after
transfection with a CCNS5 siRNA (Lake and Castellot, 2003). These cells do
not form the typical hill-and-valley confluent growth-arrested phenotype of
untreated VSMC. The reduced-CCNS5 cells have a more cuboidal or epithe-
liod shape and have fewer prominent actin stress fibers compared to untreated
cells. In support of the morphologic observation is a 50% reduction in o-actin
mRNA as demonstrated by real-time PCR. No other examples of CCNS5-
mediated morphological changes have been reported.

H. Tumorigenicity

H-ras-transformed rat embryonic fibroblasts (REF) that over-express CCN5
were compared to untreated transformed REF in their ability to cause large
tumors in athymic nu/nu mice (Zhang et al., 1999). Tumors induced by
untreated cells were much larger that those caused by transformed REF that
over-express CCNS, suggesting that CCNS5 suppresses tumor growth. No other
invivo tumorigenicity experiments have been reported using cells with modified
CCNS expression.

I. Osteocalcin Production

Rat Ros 17/2.8 osteoblast-like cells were incubated with recombinant human
CCNS5 and tested for the secretion of osteocalcin, a marker of osteoblast func-
tion (Kumar et al., 1999). Compared with cells not exposed to recombinant
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CCNS5, the Ros 17/2.8 cells produced up to 50% less osteocalcin in a CCN5-
dose-dependent manner. It is likely that many other genes down-regulated by
CCNS can be identified using similar simple assays with recombinant CCNS.

VI. REGULATORY MOLECULES FOR CCN5 EXPRESSION
(TABLE 7)

A. Heparin

As discussed above, heparin can induce CCN5 mRNA in rat VSMC, but not in
rat vascular endothelial cells, human uterine SMCs, or MCF7 human breast
carcinoma cells (Delmolino et al., 2001; Mason et al., 2004a; Inadera et al.,
2002). CCNS5 expression after heparin treatment of other cell types has not been
reported. The ability of heparin to induce CCN5 expression in VSMC appears
to be specific for heparin, since other well-characterized SMC proliferation
inhibitors like INF-y and TGF-8 did not induce CCN5 in VSMC.

B. Estrogen

Estrogen up-regulates CCN5 mRNA 4-8-fold in human uterine SMC, and
five-fold in MCF7 human breast carcinoma cells (Mason et al., 2004a; Inadera
et al., 2000). In recent experiments (John Castellot, unpublished results), the
effect of estrogen on CCNS5 expression levels in rat VSMC has been tested using
physiological doses of 17-B-estradiol (10719 to 10~8 M) over the course of four
days. Western blot analysis demonstrated an estrogen-dose-dependent induc-
tion of CCNS5 protein. Cell proliferation tests revealed an estrogen-dose-
dependent inhibition of VSMC cell number. Tests of other cell types for
estrogen regulation of CCN5 have not been reported.

C. Serum

Fetal calf serum is a complex mixture of many growth factors and hormones.
In rat VSMC, addition of serum to growth-arrested cells resulted in an 80%
decrease in CCN5 mRNA levels (Delmolino et al., 2001). The addition of
serum could be mimicked by addition of PDGF, bFGF, or, to a lesser extent,
EGF. In contrast, serum-stimulation of MCF7 human breast carcinoma cells
caused a 5.3-fold increased level of CCN5 mRNA (Zoubine et al., 2001).

D. Other CCNS5 Regulatory Molecules

Several growth factors and PK activators have been tested for their effect
on CCN5 mRNA expression in rat VSMC, MCF7 breast carcinoma cells,



Table 7. Tests of regulator molecules for CCNS5 expression.

Regulator

Cell type tested

Effect on CCNS5 expression

Reference

heparin

heparin

estrogen

estrogen

serum

serum

Wnt-1

activated H-ras, p53
IGF-I and IGF-II
IGF-1

PDGF
EGF
TGF-1
IL-lo

INF-8
CT/IBMX (PKA activator)

TPA (PKC activator)

rat vascular smooth muscle cells

rat aortic endothelial cells

rat uterine smooth muscle cells

human breast carcinoma cells (MCF7)

rat vascular smooth muscle cells

human breast carcinoma cells (MCF7)
mouse mammary epithelial cells (C57MG)
rat embryonic fibroblasts

binds with rhCCNS5 in vitro

human breast carcinoma cells (MCF7)
stimulated with estrogen and blocked with
estrogen receptor agonist

rat vascular smooth muscle cells

rat vascular smooth muscle cells

rat vascular smooth muscle cells
human breast carcinoma cells (MCF7)
stimulated with estrogen and blocked with
estrogen receptor agonist

rat vascular smooth muscle cells
human breast carcinoma cells (MCF7)
stimulated with serum

human breast carcinoma cells (MCF7)
stimulated with estrogen

mRNA increased ~5-fold
no effect on CCN5S mRNA
mRNA increased 4-8-fold
mRNA increased ~5-fold
5-fold decrease after Go
mRNA increased 5.3-fold
up

complete loss of mMRNA
not tested in vivo

no effect on CCNS expression

strongly suppresses CCNS5 expression
no effect on CCNS expression
suppressed CCNS expression completely

no effect on CCNS expression

suppressed CCNS expression completely
mRNA increased 6-fold; not dependent on
estrogen receptor

mRNA blocked; dependent on new protein
synthesis; not dependent on estrogen receptor

Delmolino et al., 2001
Delmolino et al., 2001
Mason et al., 2004
Inadera et al., 2000
Delmolino et al., 2001
Zoubine et al., 2001
Pennica et al., 1998
Zhang et al., 1998
Kumar et al., 1999
Inadera, 2003

Delmolino et al., 2001
Delmolino et al., 2001
Delmolino et al., 2001
Inadera, 2003

Delmolino et al., 2001
Inadera, 2003

Inadera, 2003
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and transformed rat embryonic fibroblasts (Table 7). Although this data is
far from comprehensive, it strongly suggests that CCNS signaling employs
a wide variety of intracellular signaling pathways in a cell-type specific
manner.

VII. SUMMARY AND FUTURE DIRECTIONS FOR CCNS
RESEARCH

A. Do General Pathophysiologic Roles Exist for CCN5?

Initially, we and others believed that the functions of CCN5 could be delineated
from studies of single cell types, for example, VSMC and uterine SMC. How-
ever, the notion that CCNS5 might have selectivity for SMC quickly breaks
down when the data from normal and neoplastic cell types are considered.
So far, only the surface has been scratched in describing CCNS5 function.
Many more normal cell types must be studied to better identify general func-
tions for CCNS. Standard cell function tests need to be performed for many
more cell and tissue types. Detailed studies examining the temporal and spa-
tial expression patterns are needed. In addition, elucidation of the recep-
tors and intracellular signaling pathways used by CCN5 lags behind that
of other CCN family members, notably CCN1 and CCN2. Cell- and tissue-
specific CCN5-mediated properties and functions will probably be demon-
strated. For example, stimulation of cell proliferation by CCNS in one cell
type and induction of growth arrest by CCNS5 in another might be the out-
comes of signaling processes that share 90% of intermediary steps but differ at
the final 10% of steps that lead to a binary selection decision (e.g. growth or
arrest).

B. Does the Data Support the Hypothesis that CCNS Is the
Anti-4-Domain CCN?

This question cannot be answered at this time because of the issues outlined
above. There are insufficient data for CCNS expression and function in normal
cells. For some models discussed above, there are examples in which CCN5
confers phenotypes that are opposite to phenotypes identified for other CCN
proteins in the same cell type. There are also examples of CCN5-mediated
outcomes that resemble those mediated by 4-domain CCN proteins. Experi-
ments are needed that will test CCN5 and the 4-domain CCNs under the same
conditions and in the same cell types.
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C. The Need for Genetically Tractable Animal Models for
CCNS Expression

CCNS gene knockout mice and transgenic CCNS over-expressor mice could
provide an opportunity to study CCNS5 function in every cell type. However,
if CCNS5 is a protein needed for survival of every cell at some time during
development, then it might not be possible to obtain a CCNS5 knockout animal.
Similarly, if CCNS over-expression is not tolerated by a crucial cell type or
organ system at any time during development, it might not be possible to obtain
an over-expressing transgenic animal. It might become necessary to develop
conditional CCNS5 knockout and CCNS5 over-expressing animals. Conditions
that can be imposed include developmental timing and tissue/organ specificity.
In any of these reconstructed animals, it will be necessary to demonstrate that
the modified CCNS gene is expressed in the cell normally, i.e. it is translated
and the protein is processed (post-translationally modified) correctly for the
cell type under investigation.

D. CCNS — A Versatile Protein Whose Function and
Regulation Varies by Cell Type?

The data to date suggest that CCN5 is multifunctional, mediating many diverse
biological functions that vary according to cell type and tissue environment. So
far, the data are limited to the functions chosen for study by each investigating
group. Other functions outside the research scope of each laboratory are often
ignored, resulting in very large information gaps. Most of the investigations
began the study of CCN5 with a very specific potential clinical application
in mind, or the hope for a simple molecular solution for a long-standing and
difficult clinical disease challenge, such as vascular disease and cancer. Now
that the complexity of CCNS function and regulation is apparent, it is now
necessary to broaden the research focus away from focused clinical applications
to basic and systematic biochemical studies. Once these studies are completed,
it will be much easier to ascertain the role of CCNS5 in the pathogenesis and
treatment of particular diseases, and to select potential therapeutic modalities
for CCNS.
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CHAPTER 13

CCN3: AMULTIFUNCTIONAL SIGNALING
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The CCN3 protein is one of the three founding members of the CCN family
(see Chapter 1). As a prototypic CCN protein, it is constituted by the assembly
of the IGFBP, VWC, TSP1, and CT modules. The N-terminal signal peptide
which is present in the neosynthesized protein allows efficient secretion of
CCN3. Studies aimed at identifying the biological roles of CCN3 have been
hampered by the low levels of CCN3 expressed in normal conditions, and
by the lack of a simple biological system in which to study the properties of
the normal CCN3 protein. Despite these limitations, the bulk of information
that has been obtained over the past decade has permitted the identification of
CCN3 as a key regulator of cell growth and differentiation. Recent results have
indicated that CCN3 is a genuine signaling factor and that alterations in CCN3
expression constitute a marker for tumor typing. Furthermore, measurement
of CCN3 amounts and inhibition or forced expression of CCN3 constitute
potential therapeutic tools.

1. INTRODUCTION

The ccn3 gene (previously designated nov) was discovered as an integration
site of the Myeloblastosis Associated Virus (MAV) in tumor DNA isolated
from one MAV-induced chicken nephroblastoma (Joliot et al., 1992). MAV
is a tumorigenic retrovirus competent for replication, that does not contain
oncogenic sequences from cellular origin (Perbal, 1995). MAV-induced avian
nephroblastomas represent a unique model of the Wilms’ tumor (Perbal, 1994),
apediatric tumor of the kidney affecting approximatively one in 10,000 children

239



240 Planque N, Bleau A-M & Perbal B

(Beckwith, 1990). The integration of MAV within the ccn3 gene resulted in
the elevated expression of a chimeric mRNA encoding an amino-truncated
CCN3 protein. This gene was originally designated “nov” (Nephroblastoma
OVerexpressed) because it was highly expressed in several other MAV-induced
nephroblastomas, whereas, in normal post-natal kidney, it was expressed at
low levels (Joliot et al., 1992). Since no viral sequences were detected nearby
ccn3 in these tumors, it was proposed that high expression was driven by the
enhancer sequences contained in MAV Long Terminal Repeats that would be
at a longer distance from ccn3. Fluorescent in situ hybridization (FISH) and
use of bacterial artificial chromosomes (BACs) permitted us to establish that
the CCN3 gene is not a preferential integration site of MAV in tumor DNA
(Coullin et al., 2002; Li et al., submitted for publication). Furthermore, the
expression of the human version of ccn3 was not increased in Wilms’ tumors.
In situ hybridization and immunocytochemistry studies established that the
target cells for MAV are blastemal cells committed to epithelial differentiation,
and that these cells express high levels of CCN3 (Cherel et al., unpublished).
Increased expression of ccn3 in nephroblastoma might therefore result from
the clonal expansion of these target cells. Since proviral genomes are known to
integrate in transcriptionally active genes, integration of MAV in ccn3 might
have occurred in target cells in which it is expressed actively.

These observations suggested for the first time that the expression of ccn3
was high in cells undergoing differentiation and paved the road for the study
of ccn3 expression during development.

2. CCN3 IN NORMAL CONDITIONS
2.1. Expression Patterns of CCN3 During Development

Early studies performed in chicken established that the expression of ccn3 was
subjected to a very tight spatio-temporal regulatory control both at the embry-
onic and the adult stages (Joliot et al., 1992). Very few studies have investigated
the regulation of ccn3 expression in normal cells. The expression of ccn3 was
reported to be downregulated indirectly by the Wilms’ tumor protein WT1
(Martinerie et al., 1996) and sequencing of the human and chicken promoters
identified potential binding sites for SP1, AP1 and AP2 transcription fac-
tors (Perbal, 2001). Recently, the transcriptional activity of the ccn3 promoter
was reported to be downregulated by parathyroid hormone related peptide
(PTHrP), which is known to inhibit chondrocyte differentiation (see below).
Cloning of the human and mouse orthologues of ccn3 and preparation
of specific antibodies raised against ccn3 proteins from three different species
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helped to establish that CCN3 was conserved throughout evolution and is
expressed at different levels in tissues originating from the three germ layers.
Major sites of expression include the nervous system, the musculo-skeletal
system, the adrenal, the cartilage and the urogenital system. Gut mucosa,
bronchial epithelium and pancreatic ducts are also positive for CCN3 expres-
sion but at a lower level (Perbal, 2001).

In general, a good match is observed between sites of RNA and protein
detection. However, there are exceptions that suggest remote action of CCN3
at a distance from its site of biosynthesis (Su et al., 2001; Perbal, 2001). In most
cases, expression of CCN3 correlated with cellular differentiation and tissue
remodeling.

2.1.1. Nervous system

In the chicken embryo, the neuroepithelium (early stage of development:
embryonic Day 3) and the neural tube (latter stages of development: E3 to E7)
show a strong staining for CCN3 (Katsube et al., 2001; Ayer—Leli¢vre et al.,
unpublished). Likewise, the central nervous system (CNS) is a major site of
CCN3 expression in the first trimester human fetus (Kocialkowski et al., 2001)
and at later developmental stages (Kocialkowski et al., 2001; Su et al., 2001).
Both spinal cord and brain strongly express CCN3. The floorplate and the
ventral horns of the spinal cord, the spinal nerves, and the dorsal root gan-
glia (DRG) exhibit an abundant expression of CCN3. In the ventral horn of
the spinal cord, anatomical features suggest that CCN3 might be expressed in
somatic motoneurons (Su et al., 2001). The expression pattern of ccn3 in the
nervous system strongly suggested that the CCN3 protein was playing a role
in terminal differentiation of the nervous system and might be involved in the
acquisition of cognitive functions (Su ez al., 2001; unpublished observations).

2.1.2. Muscle

Expression of CCN3 is detected both in embryonic and adult skeletal muscles.
In the chicken embryo, from E4 onwards, developing myotome and skele-
tal muscle stain positive for CCN3. In first trimester human embryo, fus-
ing myoblasts and myotubes of skeletal muscle are major sites of expression.
CCN3 is also detected in cardiomyocytes and smooth muscle (Perbal, 2001;
Kocialkowski et al., 2001). Smooth muscle also expresses CCN3, but less than
striated muscle (Kocialkowski et al., 2001). In adult rat, the smooth muscle
cells of aorta, and to a lesser extent, lung cells also stain positive for CCN3
(Ellis et al., 2000). Northern blot analysis revealed that the amount of CCN3
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mRNA is about 10 fold higher in aortas of adult rats than in aortas of the
3- and 14- day-old neonatal rats. Futhermore, CCN3 expression correlates
with the expression of vascular smooth muscle cell (VSMC) differentiation
markers, such as smooth muscle myosin heavy chain and smooth muscle actin
(SMa22), during postnatal development. Altogether, these results suggested
that CCN3 contributes to both skeletal and smooth muscle differentiation.

2.1.3. Kidney

Several observations suggested that CCN3 might be involved in kidney devel-
opment. The chicken embryonic kidney expresses high levels of CCN3, whereas
low amounts are detected at post-hatching stages (Perbal, 1994). At E3 and 4,
CCN3 expression is detected in the mesonephric mesenchyme, epithelial vesi-
cles and glomeruli. At later stages (E6 to E14), CCN3 expression is detected in
differentiated tubules, metanephric epithelial vesicles, glomeruli and ureteric
buds. The metanephric mesenchyme shows an increased staining for CCN3
as differentiation proceeds in the S-shaped bodies and a dramatic decrease is
observed once differentiation has been achieved (Ayer—Leliévre et al., unpub-
lished). In 8 to 10 week-old human embryos, the CCN3 protein is highly
expressed in both metanephric and mesonephric glomeruli (Chevalier er al.,
1998; Kocialkowski er al., 2001). Again, these observations suggested that
CCN3 expression correlated with tissue differentiation.

2.1.4. Cartilage

Involvement of CCN3 in chondrocytic differentiation was also established both
in chicken and human. In the developing chicken limb, at E6, CCN3 is detected
in proliferating chondrocytes and in the perichondrium, whereas at E11/12, it
is essentially found in the hypertrophic chondrocytes of the central diaphyseal
region. In the developing wing at E14, the staining of CCN3 is greatly reduced
and restricted to few hypertrophic chondrocytes. Northern blot performed on
chicken limb buds established that CCN3 expression increases between E8 and
E10, and then progressively decreases until E14, to reach a basal level at E15
(http://www.ccr.jussieu.fr/lovm/developpement.html; Perbal, 2001). The time
course of limb development is completed after 10 days of incubation under
normal conditions. The involvement of CCN3 in cartilage formation was also
studied in chicken micromass cell cultures. In this system, mesenchymal cells
of E3.5-chicken embryo seeded at high density undergo chondrocytic differ-
entiation and cartilaginous nodules appear within 3 days of culture. Under
these conditions, ccn3 levels increase progressively for two days, and decrease
at Day 3, whereas the expression of collagen II — a marker of differentiation
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of progenitors that undergo chondroblastic differentiation — increases from
Day 1 onwards (Perbal, 2001). Mesenchymal cells do not express ccn3 at the
time they are seeded and nodules do not form when the cells are seeded at
low density. Interestingly, CCN3 expression was not detected in the absence of
cartilaginous nodule formation. Altogether, these observations and the results
of immunohistochemical studies suggested that CCN3 was required over an
extended period of time during limb development and is needed at late stages of
chondrogenesis. Indeed, our unpublished observations established that CCN3
isrequired after CCN1 and CCN2 during the chondrocytic differentiation pro-
cess (Ayer—Leli¢vre et al., unpublished; Perbal, 2001). In the early-stage human
embryo, chondrocytes express low levels of CCN3. At later stages, CCN3 pro-
tein is detected in the perichondrium and in proliferating chondrocytes of the
skull, ribs and lower limbs (Kocialkowski et al., 2001; Perbal, 2001).

Immunohistochemistry and semi-quantitative RT-PCR analysis per-
formed on distal femoral growth plates from E16.5 mice established that CCN3
was expressed in the pre-hypertrophic and early hypertrophic chondrocytes in
the growth plate (Yu et al., 2003). Hypertrophic, non-proliferating chondro-
cytes that have undergone differentiation were negative for ccn3 expression. In
explant cultures, ccn3 expression was significantly reduced following treatment
with PTHrP, which inhibits chondrocyte terminal differentiation, as shown
by decreased type X collagen expression. Use of this system also helped to
establish that the transcriptional activity of the ccn3 promoter was reduced by
30% in the presence of PTHrP. Since ccn3 positive pre-hypertrophic growth
plate chondrocytes and early hypertrophic chondrocytes undergo the transi-
tion from proliferating to terminally differentiated cells, the restricted profile
of ccn3 expression is in agreement with a role for CCN3 in chondrocyte dif-
ferentiation in the growth plate.

2.2. Subcellular Localization of CCN3

The presence of a signal peptide at the N-terminus of CCN3, and other mem-
bers of the CCN family, was indicative of export and secretion outside of the
cells that produce these proteins. Indeed, CCN3 can be detected in conditioned
cell culture medium. Use of specific antibodies permitted the identification of
two CCN3-related proteins released into the medium. The apparent molec-
ular weights of these proteins were found to slightly vary with the source of
the producing cells, suggesting that specific post-translational modifications
might depend upon the cell type. A large species that migrates as a 54-48 kDa
protein, corresponds to the full length secreted CCN3 protein, whereas a
shorter one whose apparent molecular weight of 32 kDa corresponds to an
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amino truncated CCN3 protein lacking the IGFBP and VWC modules. The
existence of amino truncated isoforms is not unique to CCN3 (Perbal, 2004).
A truncated CCN2 protein with an N-terminus identical to that of the 32 kDa
CCN3 form, was also described in biological fluids and cell culture super-
natants. A growing body of evidence suggests that these truncated forms are
generated by proteolysis of the full length CCN proteins and are playing
important biological functions that can synergize or antagonize those of the
prototypic proteins.

In addition to the secreted forms that are released in the medium, various
amounts of CCN3 proteins are also detected in the extracellular matrix, in
the cytoplasm and in the nucleus of cells in culture (Perbal, 1999; Kyurkchiev
et al., 2004).

2.3. CCN3 Partners

The variety of biological processes in which CCN3 was implicated, and the
detection of CCN3 proteins in different cellular compartments suggested that
this protein might be involved in several regulatory pathways. The search for
potential targets of CCN3 was first conducted by means of the two-hybrid
system (Perbal, 1999; Perbal et al., 1999).

The great number and variety of proteins that were found to interact with
CCN3 in the two hybrid system first raised suspicion, as false positive are often
observed with this powerful technique. However, the use of GST pull-down
assays, co-immunoprecipitations and confocal microscopy soon confirmed
that CCN3 was physically interacting with many different types of proteins.
The localization and nature of these proteins was in agreement with the exis-
tence of various subcellular isoforms of CCN3 and suggested an implication
of CCN3 in several key signaling pathways, and adhesion regulation (Fig. 1).
The different partners of CCN3 included ECM proteins such as fibulin 1C
and integrins, the membrane receptor Notchl, intracellular proteins such as
S100A4 and the intracellular tail of connexin 43, and the nuclear rpb7-subunit
of RNA polymerase II. Our results also established that truncated isoforms of
CCN3 could bind specific targets and pointed to the CT domain of CCN3 as
a critical determinant for protein interaction.

2.4. Functions of CCN3
2.4.1. Control of cell adhesion

The first clue for CCN3 being involved in the regulation of cell adhesion was
drawn from the physical interaction of CCN3 with the matricellular protein
fibulin 1C (Perbal ez al., 1999).
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Fig. 1. CCN3 and cell signaling.
The figure depicts the various signaling pathways in which CCN3 is thought to be involved and
tentative relationships with CCN1 and CCN2 signaling pathways.

CCN3 is known to physically interact with proteins localized in the extracellular matrix ECM
(integrins and fibulin 1C ), at the plasma membrane (Notch receptor and connexins), in the cyto-
plasm (S100A4), and in the nucleus (rpb7 of RNA polymerase II). The regulation of intracellular
levels of calcium ion is the first biological function attributed to CCN3.

The combined actions of CCN1, 2 and 3 (and probably of other CCN proteins) appear to be
critical in the control of proliferation and apoptosis through their interaction with integrins and
cadherins. The control of intracellular calcium ion concentration by CCN3 might reflect another
key aspect of their biological properties.

Interaction with integrins constitutes a major feature in the biological action of the full length
CCN3 and other CCN proteins on cell biology. Binding of CCN proteins to integrins was reported
to result in increased angiogenesis, cell adhesion and migration. The interaction of CCN proteins
with cadherin, integrins and Notch might permit to modulate and coordinate signaling pathways
involved in cell survival and proliferation. Interaction of CCN1 with integrins stimulates cell sur-
vival through Akt-mediated inhibition of the Bad apoptotic factor and Caspase-9. In parrallel,
CCNI can induce, either through its binding to cadherin or through the integrins receptor, the
translocation of B-catenin to the nucleus and subsequent accumulation of pZIWAFl. The acti-
vation of NK-«B, which is mediated by integrins, also leads to an increased synthesis of the

(Continued)
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Fibulin 1C is a calcium binding ECM glycoprotein expressed in a great
variety of cells. Interestingly, fibulin 1C expression pattern shows similari-
ties with that of CCN3 during cartilage and bone development. Fibulin 1C
is expressed in precartilage condensations of the phalanges in the developing
mouse limb. In human embryos of gestational week (gw) 4, fibulin 1C staining
was observed in the early mesenchymal bone anlagen. In embryos of gw 6.5 and
8, all perichondrial structures were positive for fibulin 1C expression but the
chondrocytes themselves were negative. In embryos of gw 10, fibulin 1C expres-
sion is prominent in the matrix that surrounds the hypertrophic chondrocytes.

Fibulin 1C interacts with nidogen, fibronectin, laminin, aggrecan, versican,
tropoelastin, and amyloid precursor protein. It associates with ECM struc-
tures such as elastic fibres, microfibrils, and basement membranes and it is
thought to play a role in the regulation of cell migration as well as in hemosta-
sis and thrombosis. It has been shown to promote attachment of platelets
via a bridge of fibrinogen, and to inhibit the fibronectin-dependent haptotac-
tic motility of breast carcinoma (MDA MB231) cells, epidermal carcinoma
(A431), melanoma (A375 SM), rat pulmonary aortic smooth muscle cells

Fig. 1. (Continued)

anti-apoptotic factor XIAP. In this context, it is worth noting that the NOTCH receptor, which is
a partner of CCN3, was shown to activate NK-« B, increase pZIWAFl, and inhibit the 8-catenin
pathway. Therefore, it will be of interest to determine whether the interaction of Notch with CCN3
modulates its ability to induce NK-«B.

The activation of the FAK (focal adhesion kinase) pathway by most of the integrins induces
modifications of the cell cytoskeleton and activation of the mitogen-activated protein kinase
cascade (MAPK) and Ras extracellular signal-regulated kinase (ERK). A functional interaction
between the CCN proteins along this signaling pathway is suggested by the observations that
CCNI and CCN2 can activate ERK and CCN3 can increase FAK phosphorylation. In the same
line, Fibulin 1C, which is known to physically interact with CCN3, can negatively regulate ERK.

Activation of the MAPK c-Jun NH2-terminal kinase (JNK) pathways by integrins also appears
to be critical for CCN proteins action in the control cell cycle progression.

Evidence also accumulates for a direct involvement of CCN3 isoforms in the regulation of
transcription. CCN3 might interact with the rpb7 subunit of RNA polymerase Il and proteins
involved in chromatin remodeling, or bind to specific promoter sequences.

Considering the essential role of calcium ion in various levels of cell signaling, the modula-
tion of the intracellular calcium concentration by CCN2 and CCN3 proteins might be of prime
importance. The interaction of CCN3 with the cytoplasmic C-terminal tail of connexin Cx43,
might account for the effects of CCN3 on intracellular calcium. It is worth noting that integrins
binding can also induce an increase of the intracellular calcium concentration through activation
of phospholipase C (PLC) and calcium and integrin binding protein (CIB). Whether other CCN
proteins are also potent regulators of intracellular calcium levels remains to be established. The
dual interaction of CCN1 with integrins and cadherins, and of CCN3 with connexins and inte-
grins is supporting our proposal that the CCN proteins act as scaffolding factors which permit
the coordination of various signaling pathways.
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(PAC1) and Chinese hamster ovary (CHO) cells. The interaction of CCN3
and fibulin 1C was shown to involve the C-terminal module of CCN3. Whether
this interaction modulates the regulation of cell adhesion by fibulin 1C is under
current investigation.

Control of cell cell-adhesion and migration by CCN3 might also occur
through a direct binding to various integrin receptors and to heparan sul-
fate proteoglycans (HSPG). In human umbilical vein cells (HUVECs), adhe-
sion promoted by CCN3 involves integrins ay 3, o581, asf1 and HSPG.
CCN3 stimulates migration through integrins ay 83 and as58] pathways, but
not through agf; pathway. CCN3 physically interacts with integrin recep-
tors in vitro, suggesting that CCN3 functions in cell-adhesion and migration
might also involve direct binding of the secreted CCN3 protein to integrin
receptors. Recently, CCN3 was reported to show pro-angiogenic activity in
a rat corneal assay (Lin et al., 2003). The involvement of integrins in angio-
genesis is well established. The relationships existing between CCN proteins,
integrins and control of cell adhesion and migration are extensively reviewed
in Chapter 3.

2.4.2. Modulation of developmental pathways

The interaction of CCN3 with the extracellular domain of the transmembrane
Notchl protein provides another level of signaling control, since CCN3 acti-
vates downstream effectors of the Notch signaling pathway (Sakamoto et al.,
2002). The role of Notchl during embryonic development is well documented.
In chicken the expression of CCN3- and Notchl overlap in the pre-somitic
mesoderm during early development (Katsube er al., 2001) and recent data
suggest that the binding of CCN3 to Notchl may be of particular impor-
tance during normal muscle differentiation. The activation of Notch signaling
pathway by CCN3 may provide new clues for understanding the pro- and
anti-tumorigenic effects of Notch. These different aspects are discussed in
Chapter 9.

The repair processes that are initiated after injury involve similar events
than those happening during the embryonic development. In this context, the
expression of CCN3 is dynamically regulated in response to blood vessel lesions
(Ellis et al., 2000). In a rat carotid injury model (balloon catheter injury),
in situ hybridization analysis performed 7 days and 14 days after injury showed
that CCN3 mRNA is first down-regulated in the media of the injured artery.
Expression was barely detectable in the developing intima 7 days after injury,
with the exception of the luminal surface which exhibited a strong expression.
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At Day 14 after injury, CCN3 expression was increased throughout the intima.
CCN3 was shown to promote VSMC adhesion, but did not seem to act on their
proliferation and their differentiation.

2.4.3. Calcium signaling

Inasmuch as fibulin 1C, integrins, and Notch functions were highly dependent
upon calcium ion distribution, the interaction of CCN3 with connexin43 and
S100A4 shed a new light on the possible interconnections of these different
signaling pathways and suggested that CCN3 might participate directly in
calcium-related signaling.

Connexins are components of the gap junctions which constitute channels
that allow the diffusion of small molecules such as ions, carbohydrates, amino
acids, nucleotides, etc. The interaction of CCN3 with connexin 43 provided a
biological support for the association of connexins with cancer development
(see Chapter 14). This interaction also provided another relationship with cal-
cium signaling pathways. Since the shape and functioning of the connexin
channels have been reported to be dependent upon calcium ion concentrations,
it is tempting to propose that calcium is a common theme in CCN3-mediated
interactions. In support of this model, CCN3 was shown to physically inter-
act with S100A4 and have the capacity to directly modulate the intracellular
calcium concentration of responsive cells.

The S100A4 protein is thought to modulate the propagation of calcium sig-
nals. CCN3 and S100A4 expression pattern show a partial overlap. The human
S100A4 gene is often rearranged in cancers, either by deletions, translocations
or amplifications. High amounts of SI00A4 are detected in metastasis, but
S100A4 itself is unable to induce tumorigenesis. To date, SI00A4 is known to
be involved in cell motility, cell adhesion, cell cycle progression, and angiogen-
esis. It is tempting to postulate that the biological properties of S100A4 and
CCN3 are closely related and are dependent upon the interaction of these two
proteins.

Clues for a direct interaction of CCN3 with calcium channels were first
obtained in studies performed with neuronal cells (SK-N-SH) that can undergo
differentiation in culture (Li ef al., 2003). In these cells, CCN3 was shown to
transiently increase the intracellular calcium concentration through a voltage-
independent type of channel and mobilization of internal stores. The use of two
tumor cells lines (G59 glioma cells and adrenocortical NCI295R cells) helped
to establish that G59 responsive cells did not express this channel, and that
NCI295 cells did not respond to exogenous CCN3. The identification of the
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mechanisms underlying these phenomena is underway (see review by Lombet
et al., 2003). At any rate, the effects of CCN3 on intracellular concentration
levels permitted to attribute, for the first time, a biological function to this
protein. They also open several avenues for exploring the relationships that
might exist between calcium signaling and the subcellular localization of CCN3
in the context of normal and tumor cells in which calcium signaling is known
to play a critical role.

2.4.4. CCN3: a scaffolding regulator

With the accumulation of evidence indicating that CCN3 and other members
of the CCN family can interact with many different bioregulators involved in
various signaling pathways, we have proposed that CCN3 acts as a scaffolding
protein to permit an efficient coordination of regulatory circuits governing cell
life and death.

It is well known that multifunctional complexes, assembled via interactions
of several proteins, govern critical fundamental biological activities in the cells.
The nature and number of partners constituting these complexes dictates the
resulting activities and their regulation. Combinatorial events thus appear to
be essential for the adaptation of the cells to changing environmental signals.
Along this line, CCN3 is proposed to permit a functional cross talk between
regulators that belong to different, complementary or antagonist, pathways
through its multiple interaction capacities. The bioavailability of each com-
ponent participating in the assembly of the functional complexes, including
CCN3, would modulate the resulting signaling and cellular responses.

3. CCN3 IN PATHOLOGICAL CONDITIONS

For historical reasons, most of the studies performed to establish the potential
involvement of CCN3 in pathology were conducted in tumor samples and cell
lines. Although evidence suggesting that CCN3 alterations are also associated
with non proliferative pathologies, we will focus in this chapter on the role and
functions of CCN3 in cancer development.

Over the past decade, the expression levels of CCN3 have been shown
to be impaired in a panel of human tumors representing the most common
types of abnormal cellular proliferation. The current view is that increased
CCN3 expression can be associated with either good or poor prognostic tumor
features, reflecting the ability of this protein to potentially interact with several
different partners.



250 Planque N, Bleau A-M & Perbal B

3.1. Association of CCN3 Expression with Poor Prognosis

Increased expression of CCN3 was detected both at the RNA and protein levels
in tumor samples and cell lines derived from osteosarcomas, renal cells car-
cinomas, and prostate carcinomas (Perbal, 2001; Planque and Perbal, 2003).
In the case of osteosarcomas, an inverse relationship has been drawn between
the level of CCN3 expression and alkaline phosphatase, an early marker of
osteoblastic differentiation (Manara et al., 2002). Inasmuch as alkaline phos-
phatase expression is correlated to the loss of aggressiveness of osteosarcoma
cells, the expression of CCN3 in these tumors is considered as a marker of
poor prognosis. Along the same line, the highest levels of CCN3 were secreted
by renal cell carcinoma cells isolated from fast growing tumors. An inverse
relationship could be drawn between the amount of CCN3 secreted by these
cells and the capacity of these cells to establish and develop tumors following
injection in nude mice (Glukhova et al., 2001).

CCN3 was also highly expressed in cell lines derived from prostate metas-
tases to bone (PC3), brain (DU145) and lymph node (LNCap) (Maillard et al.,
2001).

A study of Ewing’s sarcomas provided the first clue for the use of CCN3 as
a long term prognostic factor. Indeed, the expression of CCN3 in the primary
tumors was found to correlate with a higher risk to develop metastasis (Manara
et al., 2002). Based on this observation, a thorough investigation of CCN3
expression in these tumors has been initiated.

3.2. Association of CCN3 Expression with Good Prognosis

In contrast with the above examples, elevated expression of CCN3 was asso-
ciated with a favourable outcome in several other types of tumors.

The first evidence establishing a correlation between CCN3 expression and
good prognosis came from the analysis of brain tumors (Li et al., 1996). In
this study, it was found that glioma and astrocytoma cells freshly explanted
from a panel of tumors representing different grades expressed quite differ-
ent levels of CCN3. From the results obtained, an inverse relationship was
drawn between tumorigenicity and CCN3 expression. Neuroblastomas with
good prognosis also express high levels of CCN3, whereas in tumors with
bad prognosis, CCN3 staining was low to moderate (Perbal, 2001). Along the
same line the highest levels of CCN3 expression were detected in enchondro-
mas and low-grade chondrosarcomas (Yu et al., 2003). In the case of Wilms’
tumors and rhabdomyosarsomas, an elevated expression of CCN3 was asso-
ciated with striated muscular differentiation (Chevalier et al., 1998; Manara
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et al., 2002), a situation reminiscent to the role of CCN3 in normal tissue
differentiation.

CCN3 expression was also down-regulated upon induction of the BCR-
ABL protein in a murine model for chronic myeloid leukemia (CML) and
in blood cells from patients at different stages of their illness. Interestingly,
levels returned to normal in patients undergoing remission (Gilmour et al.,
submitted).

3.3. Antiproliferative Activity of CCN3: A Common Trait

To better understand the basis for association of CCN3 expression with both
poor and favourable prognosis, the potential functions of CCN3 in the regu-
lation of cell proliferation were investigated.

For this purpose, a series of plasmids which allowed constitutive and
inducible expression of the human CCN3 protein were used to transfect cell
lines derived from the two groups of tumors: G59 glioblastoma cells, and TC71
Ewing’s tumor cells. In both cases, the expression of CCN3 resulted in a marked
decrease in cell proliferation, which was correlated with the level of CCN3 pro-
tein expressed by the various transfectants that were used (Gupta et al., 2001;
Benini et al., 2005). The isolation of TC71 transfectants in which the expres-
sion of CCN3 was driven by an inducible promoter helped to establish that
the reduction of cell proliferation was indeed provoked by the production of
secreted CCN3 protein.

In both cases, the expression of CCN3 was also found to reduce the
tumorigenicity of the tumor cells. Interestingly, the secretion of CCN3 did
not inhibit the implantation of the tumor cells, but reduced the expan-
sion of the tumor. In the case of glioma cells, the tumors did not show
a high level of vascularization, as compared to those induced by parental
G359 cells. This observation, which is in contrast with the reported pro-
angiogenic activity of CCN3 (see above), suggests that the CCN3 protein
is interfering with tumor maintenance and expansion, rather than tumor
establishment.

Recent results obtained with glioblastoma and choriocarcinoma cells (see
Chapter 14) point to the importance of the interaction of CCN3 with connexin
as a critical factor for inhibition of cell growth. Briefly, forced expression of
CCN3 in JEG3 choriocarcinoma cells resulted in a reduction of cell prolifera-
tion and tumorigenicity (Gelhaus et al., 2004), as previously established with
Ewing’s and glioma cells. New data established a link between the inhibition
of cell proliferation and the interaction of CCN3 with connexin 43, both in
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JEG3 cells and rat C6 glioma cells (Fu et al., 2004), where CCN3 appears to
be a key element in the connexin-mediated growth suppression.

Altogether, the bulk of data obtained thus far establishes CCN3 as a gen-
uine antiproliferative protein, and reinforces the idea that the content of CCN3
in biological samples and the addressing of recombinant CCN3 to tumor cells
might constitute new tools for tumor typing and therapy. These two studies also
confirmed the existence of nuclear CCN3 isoforms in cancer cells, as previously
established in the case of HeLa and 143 osteosarcoma cells (Perbal, 1999).

3.4. CCN3 Isoforms and Cancer

The first evidence suggesting that the production of truncated CCN3 isoforms
might be associated with cancer development was obtained with the MAV-
induced nephroblastomas (see above).

In one tumor, the integration of the MAV proviral genome into the second
intron of CCN3 resulted in the elevated synthesis of a protein deprived of signal
peptide. The truncated form (deleted of the first 63 aa) of the CCN3 protein
was shown to morphologically transform primary chicken embryonic fibro-
blasts (CEFs) in culture (Joliot et al., 1992), whereas the full length secreted
protein showed an antiproliferative activity in a variety of chicken and human
cell lines (Joliot et al., 1992; Gupta et al., 2001; Gellhaus et al., 2004; Benini
et al., 2005; our unpublished observations). Since the expression of the trun-
cated protein was expected to be altered, we hypothesized that modifications
in CCN3 subcellular expression could uncover potential oncogenic activities
(Perbal, 2004).

In support of this hypothesis, an aminotruncated form of CCN3 has been
detected in the nucleus of HeLa and osteosarcoma cells (Perbal, 1999). The
JEG3 human choriocarcinoma cells and the C6 rat glioma cell also show a
nuclear staining for CCN3. Furthermore, stable expression of Cx43 in the
JEG3 cells resulted in a modification of CCN3 labelling which was then
detected in the cytoplasm and at the plasma membrane where it co-localized
with Cx43 (Gellhaus et al., 2004; Fu et al., 2004). These observations reinforced
the idea that an aberrant subcellular localization of CCN3 isoforms may be
involved in the tumorigenic process.

Interestingly, an interaction between CCN3 and the rpb7 subunit of the
RNA polymerase II was observed with the yeast two-hybrid system and
the nuclear CCN3 labelling was found to co-localize with the transcrip-
tional machinery but not with the replication machinery (Perbal, 2001). The
C-terminal domain of CCN3 has also been reported to bind specific sequences
in the promoter of the plasminogen activator inhibitor type-2 (PAI-2) (Mahony
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etal., 1999). Taken together, the results suggested that nuclear forms of CCN3
may directly regulate gene transcription. Ongoing studies in our laboratory
have indeed established that CCN3 truncated forms can transactivate tran-
scription (Planque et al., submitted).

The bulk of these results therefore established that CCN3 may exert dif-
ferent effects on cell growth, depending on its subcellular localization and
modular composition; the full length secreted CCN3 showing antiprolifera-
tive activity, and the nuclear CCN3 isoforms acting as cell growth stimulators.

4. CONCLUSIONS

The variety of biological functions in which CCN3 is known to participate has
long been a puzzle until the multiplicity of regulatory molecules that physi-
cally interact with CCN3 was uncovered. In agreement with the high levels of
CCN3 expression detected in cells undergoing differentiation, the full length
CCN3 protein shows an antiproliferative activity in normal fibroblastic cells
and in a variety of tumor cells. On the other hand, recent evidence also estab-
lished that an elevated expression of CCN3 is associated with the acquisition
of more advanced tumor phenotype and metastatic potential. Although these
two sets of observations may appear contradictory at first glance, they likely
reflect the different levels of activity in which CCN3 is involved through its
multiple interactions with regulators acting at various stages of cell growth
control.

Even though expression of CCN3 in Ewing cells triggers a reduction of
cell adhesion and increased motility, there are no examples, as yet, of CCN3
increasing the proliferation rate of cells. These observations therefore indi-
cate a disconnection between proliferative activity and metastatic potential.
Furthermore, these results highlight the importance of cellular context, and
reinforce the idea that the ultimate functions of multimolecular complexes in
which CCN3 participates may be highly dependent upon the nature and num-
ber of interacting partners. The physical coupling of multiple enzyme activities
with their regulatory subunits is well documented in the case of metabolic path-
ways in eukaryotes. Recent evidence also suggests that tri-molecular complexes
involving CCN3 may be required for osteogenic differentiation (unpublished
observations).

One could argue that the effects on cell growth that are induced by ectopic
expression of recombinant CCN3 in glioma cells, that do not express this pro-
tein, result in the activation of “abnormal” or “irrelevant” processes. However,
this is unlikely because similar effects are observed in choriocarcinoma and
Ewing cells in which forced expression of CCN3 results in an increase in
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secreted CCN3 protein that is already produced at low, but easily detectable,
levels in these cells.

Another fascinating aspect of CCN3 biology has recently emerged from
our discovery of biologically active isoforms whose subcellular compartmen-
talization appears to be directly related to the anarchic proliferation of cancer
cells (Perbal, 1999; Planque and Perbal, 2003).

In this model, the secretory form of CCN3 exhibits an antiproliferative
activity whereas CCN3 isoforms promote an increased proliferation that might
ultimately lead to oncogenic transformation. CCN3 is not the only example of
asignaling secretory protein that is suspected to participate in nuclear signaling
processes. Evidence for nuclear translocation of full length and truncated
plasma membrane growth factors has been previously documented (Wells and
Marti, 2002). Although the mechanisms involved in the nuclear translocation
and localization of EGFR and CCN3 are still unclear, some similarities can
be found between these proteins. For example, both nuclear associated EGFR
and CCN3 are not membrane associated (Thomopoulos et al., 2001); EGFR
is associated with chromatin while CCN3 physically interacts with a subunit of
RNA polymerase IT which is involved in cross talk with chromatin remodeling
factors and the mediator. In both cases, a sub-domain of the protein is reported
to regulate transcription (Wells and Marti; unpublished observations). Fur-
thermore, both nuclear forms of CCN3 and EGFR appear to accumulate in
cancer cells, suggesting that a disruption in the balance between secreted and
intracellular forms is associated with, or responsible for anarchic proliferation.

Altogether, these observations identify CCN3 as a dual functional protein
whose regulatory activities may provide a clue for understanding the complex
expression pattern of this protein in normal and pathological conditions.

The new avenues of investigation that these observations open are quite
exciting and widen the scope of regulatory functions played by CCN3. Deci-
phering the mechanisms underlying the nuclear localization of the CCN3 iso-
forms and identifying the functions of these various isoforms is of prime
importance. The next challenge will be to determine whether the duality of
functions that we have attributed to CCN3 also applies to other members of
the CCN family.
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1. INTRODUCTION

There has been a longstanding association of connexin expression and its
resultant gap junctional communication with cell growth control. Neverthe-
less, understanding the mechanisms by which such growth is controlled by
gap junctions has remained elusive. While correlation of decreased connexin
expression and gap junctional coupling in association with increased tumori-
genic phenotype can readily be found, several well documented exceptions
exist, including: 1) the presence of connexin expression and gap junctions
in tumor cells, 2) variability in the tumor suppressing ability of connexins,
3) discrepancy between in vivo and in vitro growth effects of enhanced con-
nexin expression, and 4) the absence of enhanced gap junctional coupling
in spite of increased connexin expression and growth suppression. These
discrepancies have motivated the search for other mechanisms by which
connexins may alter growth. One avenue we have pursued concerns effects
mediated by alteration in expression of other genes which are involved in
growth control. Using this approach in two different model systems (i.e.
glioma and choriocarcinoma), we have identified enhanced expression of
CCN3 following transfection with connexin43. Furthermore, we have found
an interaction of connexin43 with CCN3, and propose that such interac-
tions of connexins with other proteins could underlie their role as growth
Suppressors.

259
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2. CONNEXINS AND GAP JUNCTIONS

Gap junctions are intercellular channels that directly connect the cytoplasm of
adjacent cells. They permit the exchange of ions and molecules smaller than
1 kDa in size, such as amino acids, second messengers and metabolites, as well
as coordination of cellular activities (Simon and Goodenough, 1998). Gap
junctions are formed by the end-to-end apposition of connexons, which are
proteinaceous cylinders spanning the plasma membrane with a hydrophilic
core in the centre. Each connexon hemichannel is composed of 6 subunit pro-
teins called connexins, which belong to a multigene family consisting of at
least 20 members in vertebrates (Sohl and Willecke, 2003). The connexin pro-
tein spans the plasma membrane four times, and is oriented so that both its
N- and C-termini face the cytoplasm, with extracellular domains involved in
connexin-connexin interactions.

3. GAP JUNCTIONS AND TUMOR SUPPRESSION

Gap junctions have long been implicated in cellular growth regulation and
the control of tumor progression. Since the first discovery that gap junctional
coupling is decreased in tumor cells as compared to their normal counter-
parts (Loewenstein and Kanno, 1966), downregulation of gap junctions has
been repeatedly observed in a variety of tumor tissues and cell lines analyzed
(Mesnil, 2002). Altered gap junctional coupling may take the form of aber-
rant homologous (among tumor cells) and/or heterologous (with surround-
ing normal cells) communication (Yamasaki and Naus, 1996). In addition,
many tumor promoting agents have the ability to down-regulate coupling
(Naus, 2002; Ruch and Trosko, 2001). Conversely, antineoplastic agents such
as retinoic acid and vitamin D are capable of reversing these effects (Trosko
and Chang, 2001; Hossain and Bertram, 1994). Furthermore, gap junctional
communication is also modulated by oncogenes (Azarnia et al., 1989; Kalimi
et al., 1992). The effect of gap junction proteins on growth has been studied
by analyzing both the loss of gap junctions and the forced expression of con-
nexins. The loss of gap junctions in many cases correlates with an increase
in growth rate in vitro and tumor formation in vivo (Yamasaki and Naus,
1996). On the other hand, many transformed cells transfected with connexin
cDNAs exhibit suppression of growth and/or tumorigenicity. The connexin
family members shown to act as tumor suppressors include Cx43, Cx26, Cx32
and Cx30. Some other connexins fail to exhibit this growth suppressive phe-
notype (Yamasaki and Naus, 1996; Zhu et al., 1991; Eghbali et al., 1991;
Mesnil et al., 1995).
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The mechanism by which connexins act as growth inhibitors is unknown.
Initial investigation of connexin-induced tumor suppression focused on its
channel-forming ability, to allow for either the exchange of normalizing mes-
sages, or dispersion of growth-promoting signals (Mesnil, 2002). However,
recent evidence contends that functional gap junctions may not be necessary for
the growth regulatory effects, but simply the expression of connexin genes may
be sufficient. For example, Cx43 inhibits the growth of both human glioblas-
toma and breast cancer cells in vivo, but there is no significant increase in
coupling as assessed by dye transfer (Huang et al., 1998; Qin et al., 2003).
Moreover, it has been shown that Cx43 may inhibit growth by delaying the
G1-S phase transition of the cell cycle (Moorby and Patel, 2001). Along this
line, one report indicated that Cx43 promotes the degradation of S phase
kinase-associated protein 2 (Skp2) which regulates the ubiquitination of p27,
in turn increasing the level of p27 (Zhang et al., 2003). This effect was not
influenced by gap junction blockage, suggesting that it is communication-
independent.

Previously we reported that transfection of Cx43 led to decreased pro-
liferation of both glioma cells (Zhu et al., 1991) and choriocarcinoma cells
(Hellmann et al., 1999). As well, conditioned medium collected from trans-
fected C6 cells (C6-Cx43) alone also possessed anti-proliferative properties
(Zhu et al., 1992). Thus, the growth suppressive capacity of Cx43 may be medi-
ated by the secretion of soluble growth inhibitory factors into the surrounding
media (Zhu et al., 1992; Goldberg et al., 2000). Using differential gene expres-
sion approaches, including differential display for glioma cells (Naus et al.,
2000) and gene chip analysis for choriocarcinoma cells (Gellhaus e al., 2004),
we have pursued the hypothesis that connexin gene expression might alter the
expression of downstream growth regulatory genes. Among the most promi-
nent differentially expressed genes were members of the CYR61/Connective
Tissue Growth Factor/Nephroblastoma Overexpressed (CCN) family, which
have been shown to play a role in tumorigenesis and growth control. One of
these, CCN3 (NOV), is considered a negative growth regulatory protein and
stands out as a candidate effector of Cx43-induced growth regulation.

4. CCN3 AND CONNEXIN INTERACTIONS

Evidence that connexins might be active in signaling pathways independent
of functional channel formation is accumulating. Elucidating the molecular
mechanism of connexin-induced tumor suppression could potentially lead
to useful therapeutic intervention applicable to human cancers. In order to
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investigate how Cx43 elicits growth inhibition, we have explored the possibility
that CCN3 is a downstream effector of Cx43 that exerts the suggested tumor
suppressive action. The rationale for this hypothesis is based on several lines
of evidence. As previously noted, the observation that CCN3 is upregulated in
growth-inhibited glioma and choriocarcinoma cells following Cx43 transfec-
tion, together with the feature of CCN3 as a secreted protein with known
anti-proliferative properties, has led to our proposal that CCN3 serves as
one of the soluble factors mediating Cx43-induced tumor suppression. Using
immunocytochemistry, we previously demonstrated that CCN3 co-localizes
with Cx43 at the plasma membrane in C6-Cx43 cells (McLeod et al., 2001).
Our more recent studies (Fu et al., 2004; Gellhaus et al., 2004) have focused on
investigating whether a physical interaction exists between Cx43 and CCN3,
and how the presence and absence of this interaction correlates with the growth
properties of various cell types.

5. CCN3 AND CONNEXIN IN GLIOMA CELLS

The biological functions of CCN3 have been suggested to depend on the
size of isoforms expressed, their relative amount and subcellular localization
(Planque and Perbal, 2003). Unique localization patterns of CCN3 protein
were observed in different cell types. Most cells examined exhibit cytoplasmic
staining of CCN3 (Chevalier ef al., 1998; Perbal, 1999; Maillard et al., 2001;
Kocialkowski et al., 2001). Previous reports using different antibodies have also
noted nuclear localization of CCN3 in various tumor cell types (Perbal, 1999;
Gupta et al., 2001; Gellhaus et al., 2004). While CCN3 is diffusely present in
the cytoplasm of C6 glioma cells, it becomes distinctly localized to areas of
Cx43-containing gap junction plaques at the cell membrane in C6-Cx43 cells,
which display reduced growth and tumor formation. In addition to C6-Cx43,
punctate immunostaining of CCN3 co-localizing with Cx43 plaques was also
demonstrated in primary astrocytes. On the other hand, no CCN3 protein was
found at the membrane of C6 or human glioma cells, in spite of the presence
of Cx43 in some of these cells (Fu er al., 2004). This observation provides a
clue into the phenomenon that some tumor cells contain high levels of con-
nexin. The mere expression of connexin protein does not guarantee that the
downstream pathways are active.

Following Cx43 transfection into C6 glioma cells, the redistribution of
CCN3 from the cytoplasm to the plasma membrane coincides with the
appearance of a 48kDa isoform, which is thought to correspond to the
full-length CCN3 protein. Western blot analysis reveals that this isoform is
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present in C6-Cx43 but not in parental C6 cells. The upregulation of full-
length CCN3 could be the consequence of increased level of mRNA tran-
script, reduced proteolytic degradation into the truncated isoforms, or a
combination of both. Considering the concurrence of 48 kDa upregulation
and membrane association, it is likely that full-length CCN3 co-localizes
with Cx43 in C6-Cx43 cells. However, present evidence does not rule out the
potential ability of shorter CCN3 isoforms to interact with Cx43, although
the downstream functions of this interaction may not be preserved following
the truncation.

In addition to immunolocalization studies, we have also used biochemical
approaches, including GST pull-down assay and co-immunoprecipitation, to
demonstrate that Cx43 and CCN3 not only co-localize to the same subcellu-
lar domains, but that they also physically associate. It is of interest to iden-
tify protein domains that mediate the interaction between CCN3 and Cx43.
The loss of Cx43 co-localization and co-immunoprecipitation with CCN3
in C6 cells transfected with a C-terminal truncated Cx43 indicates that
the C-terminus of Cx43 is necessary for its interaction with CCN3. Despite
the presence of phosphorylation sites on the C-terminal tail of Cx43, which
are important players in its regulation, treatment of C6-Cx43 lysate with alka-
line phosphatase does not abolish the physical association between Cx43 and
CCN3, suggesting that binding is phosphorylation-independent. The specific
site(s) of interaction between CCN3 and the C-terminus of Cx43 remain to be
identified.

The full-length CCN3 has been established as a negative regulator of
growth. When expressed in chicken embryo fibroblasts (CEF), it maintains
a growth suppressive effect (Joliot et al., 1992). Transfection of CCN3 cDNA
into the human glioma cell line G59 significantly reduces their in vitro growth
rate, as well as tumor size in vivo (Gupta et al., 2001). Full-length CCN3
was detected in the conditioned medium of CCN3-expressing cells, such as
transfected G59 cells (Gupta et al., 2001) and vascular endothelial cells (Ellis
et al., 2000). The presence of 48 kDa CCN3 in C6-Cx43 cells and primary
astrocytes in contrast to C6 and human glioma cells agrees with its puta-
tive function as a growth suppressor (Fu et al., 2004). Furthermore, several
CCN3 isoforms were detected in medium conditioned by C6-Cx43 cells. Con-
ditioned medium of C6-Cx43 causes a reduction in the growth rate of C6
cells in culture (Zhu et al., 1992). Since CCN3 that possesses known anti-
proliferative activities is secreted into the extracellular environment, this may
account for the growth suppressive effects observed by the conditioned medium
of C6-Cx43 cells.
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Among the connexins we have expressed in C6 glioma cells, the interaction
with CCN3 is specific to Cx43 (Fu et al., 2004). From a structural point of
view, this finding comes as no surprise since the C-terminus, which appears
essential in the Cx-CCN3 interaction, is also the most variable region among
all connexin family members (Sohl and Willecke, 2004). From a functional
point of view, it has been discovered that the ability to regulate growth in a
particular cell type is specific to limited number of connexins (Mesnil, 2002).
Considering that the C-terminus is sufficient to elicit growth suppression and
is also the site of association with a variety of molecules, it can be speculated
that the connexin specificity of growth control might be mediated by the dif-
ferential ability of different connexins to interact with downstream effector
molecules.

6. CCN3 AND CONNEXIN IN CHORIOCARCINOMA
CELLS

Further evidence that CCN3 might be a major player in the Cx43 dependent
control of cell growth results from studies with another cell type, the chorio-
carcinoma cell line Jeg3 (Gellhaus et al., 2004). These malignant trophoblast
cells are communication-deficient and therefore suitable for the analysis of
the role of different connexins in the control of proliferation and differentia-
tion processes. Using doxycycline (Dox) inducible Cx43, Cx40 and C-terminal
truncated Cx43 (trCx43) transfected cell lines, it could be demonstrated that
restoration of cell-cell communication via Cx43 protein channels, but not Cx40
and trCx43, is able to reduce cell growth of Jeg3 cells in vitro and tumor growth
in nude mice. To identify genes responsible for the different cell physiological
behavior of these generated connexin cell lines gene array analysis was per-
formed. Among the differently regulated genes obtained from this analysis,
the growth regulator gene CCN3 revealed an upregulation only in Cx43 cells
which could be validated by RT-PCR. This finding corresponds to the differ-
ential display data of the C6-Cx43 glioma cells mentioned above (Naus et al.,
2000). Using hierarchical clustering of gene array data another aspect became
conspicuous. We found a clear separation of gene expression patterns between
the Cx43 cell clones on the one hand and the Cx40 and trCx43 cells on the other
hand. This classification strengthens the finding that the C-terminus of Cx43
may act as a mediator of the different signal cascade leading to the observed
growth reduction of Cx43 transfected Jeg3 cells.

Parental Jeg3 cells express CCN3 but localization was exclusively found
in the nucleus and in perinuclear regions as well as to a lesser extent in the
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cytoplasm. Upon induction of the different connexins only in the Cx43 cells a
switch in CCN3 expression pattern from the nucleus to a distinct localization
at areas of cell-cell contact at the cell membrane was observed where CCN3 is
co-localized with Cx43 in some gap junction plaques. Because co-localization
failed if the Cx43 protein lacks its C-terminus, we hypothesize that this part
of the Cx43 molecule might be crucial for the molecular interaction of these
proteins. Time course experiments between 0 and 48 hrs after removal of the
connexin inducer Dox shed light on the correlation between Cx43 and CCN3
protein expression using co-immunolocalization and RT-PCR. For up to 14 hrs
after Dox removal, a co-localization of CCN3 and Cx43 along the lateral cell
membranes could still be observed whereas after 24 hrs Cx43 and CCN3 have
disappeared from the membranes and only nuclear and cytoplasmic staining
of CCN3 was found. These observations are in the same line as the results
from RT-PCR analysis of Cx43 and CCN3 mRNA expression. The CCN3
transcripts decreased simultaneously with the reduction of Cx43 expression
during this time course. Thus CCN3 upregulation and membrane localization
are clearly dependent on the presence of Cx43.

The direct physical interaction of CCN3 with the C-terminus of Cx43 could
be confirmed by in vitro and in vivo co-immunoprecipitation in transfected 293T
cells. The loss of co-immunoprecipitation with CCN3 in trCx43 cells along
with the identified co-immunoprecipitation between CCN3 and a Cx43 mutant
with only the C-terminal tail (Cx43CT557_382) defines the region of interac-
tion between 257 and 382 amino acids of the Cx43 C-terminus. This binding
is apparently independent from the requirement of any cofactor molecule.
However this does not exclude the participation of other signaling molecules
and the involvement of phosphorylation in this interaction process.

The binding between CCN3 and Cx43 is associated with a growth reduc-
tion in Jeg3 cells, the same could be demonstrated in glioma cells as mentioned
above. Preliminary analysis of CCN3 expression in benign placenta reveals that
in contrast to a small amount of CCN3 mRNA in the malignant trophoblast
cell line Jeg3, CCN3 is strongly expressed in term placenta. Further investiga-
tions, however, are needed to evaluate if CCN3 may play a role in the control
of placental growth.

It is discussed in previous reports that a N-terminus truncated CCN3
protein, which was detected in the nuclei of tumor cells, leads to an increased
cell growth whereas the full length protein, which is secreted or remains at the
cell membrane, inhibits proliferation (Perbal, 2001; Planque and Perbal, 2003).
However, as already described above, the opposite effect has been shown as
well. This suggests that CCN3 may act differently dependent from the cell type
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and the expressed isoform. Since we found that CCN3 localization in parental
and uninduced Jeg3 cells is predominantly restricted to the nucleus we must
consider in future experiments whether different CCN3 isoforms may affect
growth control in choriocarcinoma cells.

Transfection of human glioma cells with CCN3 results in reduced growth
and tumor formation (Gupta et al., 2001). Experiments with parental Jeg3
cells overexpressing full length CCN3 gives us the first evidence that CCN3
can act as a growth regulator in these cells independent from Cx43. In these
CCN3 transfected cells, full length CCN3 is located exclusively at the lateral cell
membrane and induces growth reduction in Jeg3 cells independent from Cx43
expression, similar to the observation in Cx43 cells after induction of Cx43.
This finding clearly demonstrated that CCN3 itself exhibited an antiprolifer-
ative effect on Jeg3 cells. CCN3 can act independently from the presence of
Cx43, however, the Cx43 protein seems to be able to increase full length CCN3
expression and to change its localization from the nucleus to the membrane
by binding CCN3 at the C-terminus. The disappearance of CCN3 from the
nucleus may cause CCN3 to no longer be available as a transcriptional reg-
ulator. This mechanism could be responsible for the change in cell physiology
of the Cx43 expressing Jeg3 cells leading to the reduction in cell proliferation
and tumor growth. If other signaling molecules, which may interact with CCN3
and/or Cx43, are involved in this process in Jeg3 cells remains to be clarified.
First hints of further interaction partners result from gene array analysis of
CCN3 transfected Jeg3 cells compared to the data of Cx43 transfected cells.
The data lists contain interesting common upregulated genes like fibronectin-1,
S100 calcium binding protein A11 (calgizzarin) and endothelin receptor type B,
which may play a role in this signaling pathway (unpublished observation).

In summary, there is accumulating evidence that connexin-mediated growth
regulation seems not only dependent on channel properties but on the
C-terminus induced signal cascades by interacting with other proteins in an
isoform and cell type specific manner. We suggest that Cx43 seems to be
responsible to regulate cell growth in Jeg3 cells via the upregulation of full
length CCN3 accompanied by a shift of localization of CCN3 from the nucleus
to the membrane and a direct binding of CCN3 to the C-terminus of Cx43.

7. SIGNIFICANCE OF INTERACTION BETWEEN CCN3
AND CONNEXIN43

The C-terminus of Cx43 has been shown to be critical for its growth suppressive
function. Deletion of the C-terminus in Cx43 abrogates its growth regulation
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(Moorby and Patel, 2001). This discovery is consistent with the proposed role
of CCN3 as a downstream effector of Cx43-mediated growth inhibition, since
CCN3 interacts with the C-terminal tail of Cx43. Additionally, transfection of
the C-terminus of Cx43 alone is sufficient in reducing the growth rate of tumor
cells (Moorby and Patel, 2001; Zhang et al., 2003). These truncated Cx43
proteins are present diffusely in the cytoplasm of transfected cells, suggesting
that membrane localization is not required for growth suppression. This finding
does not contradict our proposal that the interaction between Cx43 and CCN3
might be involved in growth control, since C-terminal Cx43 is expected to retain
its ability of interacting with CCN3 in the cytoplasm.

Cx43 has been found to bind various other proteins, such as calmod-
ulin (Van Eldik er al., 1985), microtubules (Giepmans et al., 2001b), v-Src
(Kanemitsu et al., 1997), c-Src (Giepmans et al., 2001a), B-catenin (Ai
et al., 2000) and zonula occludins-1 (ZO-1) (Giepmans and Moolenaar, 1998;
Toyofukuetal., 1998). ZO-1 is a peripheral membrane component of tight junc-
tions and adherens junctions. It contains multiple protein interaction domains,
including a SH3 domain and three PDZ domains, the second of which inter-
acts with Cx43 (Giepmans and Moolenaar, 1998). We discovered by immuno-
cytochemistry that ZO-1 co-localizes with CCN3 and Cx43 at the plasma
membrane in C6-Cx43 cells (unpublished observation). While the significance
of this particular complex formation remains to be established, a number of
hypotheses can be generated in light of the emerging view of gap junctions
as the anchorage of multi-protein complexes called Nexus (Duffy ez al., 2002;
Herve et al., 2004). It has been proposed that ZO-1 may recruit signaling pro-
teins to gap junction plaques (Giepmans and Moolenaar, 1998). In turn, these
proteins could become accessible to CCN3 and other factors that associate
with it. Alternatively, CCN3 and ZO-1 may be brought together to interact
by both binding to connexins. CCN3 does possess T/SXV (Songyang et al.,
1997) and X (V/T)(E/Q)V (Hock et al., 1998) consensus motifs, which have been
implicated in the binding to PDZ domains found in ZO-1. However, biochem-
ical evidence needs to be collected to ascertain a physical interaction between
CCN3 and ZO-1.

With respect to CCN3, its biological properties have been proposed to
depend on combinatorial events resulting from interaction with various part-
ners (Perbal, 2001; Planque and Perbal, 2003). Indeed, the multimodular struc-
ture of CCN3 suggests that it may lie at the hub of multiple signaling pathways.
By acting as a scaffolding protein, CCN3 could recruit different molecules such
as Cx43 into a complex and coordinate crosstalk between different signals,
ultimately contributing to growth regulation.
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8. MODEL OF CCN3 INTERNALIZATION

The CCN3 protein contains a signal peptide that destines it for secretion,
which is confirmed by numerous reports noting its presence in the conditioned
medium of CCN3-expressing cells. The implication of the Cx43 C-terminal
tail in its interaction with CCN3 suggests that the interaction occurs intra-
cellularly at the plasma membrane. This finding raises the question as to
how CCN3 gains access to the cytoplasm. It has been proposed that full-
length CCN proteins are secreted into the extracellular matrix, where pro-
teolytic cleavage could take place. The truncated products are subsequently
shuttled back into the cell, possibly via the action of an unidentified chan-
nel/receptor (Perbal, 2001). This model was suggested to explain the nuclear
localization of N-truncated CCN3. Likewise, the same logic can be extended
to the cytoplasmic localization of the full-length isoform. While certain trun-
cated isoforms are directed to the nucleus, the full-length protein could be
retained in the cytoplasm. One study consistent with this model demon-
strated that extracellular CCN2 was internalized in vesicles, translocated
into the cytoplasm, and subsequently moved into the nucleus (Wahab er al.,
2001). Nuclear targeting of extracellular signaling molecules has been exem-
plified by several growth factors, including insulin, prolactin and PTHrP
(Henderson, 1997). The mechanism by which these molecules are internal-
ized and released into the cytoplasm remains a mystery, although increasing
data implicate caveolae in mediating the internalization of regulatory proteins
in their bioactive forms (Anderson, 1993). The ability of caveolin-1 to co-
immunoprecipitate with CCN3 (unpublished observation) suggests that the
possible involvement of caveolae in the internalization of CCN3 is worthy of
further exploration. Along the same line, it has been demonstrated that Cx43
localizes to lipid rafts and interacts with caveolin-1 (Lin et al., 2003; Schubert
et al., 2002). Therefore, these specialized membrane subdomains might serve
as docking points where Cx43 and CCN3 are brought into proximity to
interact.

9. CONCLUSION

We have demonstrated that CCN3 is localized to the plasma membrane at
Cx43 plaques in growth-suppressed cells. The appearance of CCN3-Cx43
co-localization coincides with the upregulation of a 48 kDa full-length isoform
of CCN3, which is also secreted into the conditioned medium of C6-Cx43
cells. CCN3 and Cx43 physically interact, and this interaction requires the
C-terminus of Cx43. CCN3 directly interacts with the C-terminus of Cx43.
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The potential role of this connexin-specific interaction in growth regulation
warrants further investigation.
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1. INTRODUCTION

Cyr61 is a member of the CCN protein family, which also includes CTGF, Nov
WISP-1, WISP-2, and WISP-3 (Brigstock, 1999). CCN genes contain four
conserved modular domains that share sequence similarity with other pro-
tein families: IGF-binding protein (IGFBP), Von Willebrand type C (VWC),
Thrombospondin type 1 (TSP1) and a c-terminal domain (CT). The first cloned
member of the CCN family is Cyr61 (CCN1), which was identified by dif-
ferential hybridization screening of a cDNA library from serum-stimulated
fibroblasts (Lau and Nathans, 1985). CCNI1 is a secreted cysteine-rich heparin
binding protein that associates with the extracellular matrix and the cell sur-
face (Yang and Lau, 1991). Integrins, including ay 83, oy B85, agB1 and ar1p83
have been identified as receptors of CCN1. Through these receptors, CCNI is
thought to exert its effects on cellular activity in a variety of tissue types (Lau
and Lam, 1999).

CCNI plays diverse roles in cellular proliferation, differentiation, adhe-
sion and migration, as well as regulating chemotaxis and angiogenesis (Babic
et al., 1998; Kireeva et al., 1996). Dysregulation of these processes contributes
to tumorigenesis and cancer progression; therefore, inappropriate expression
of CCNI has the capacity to play a multifactorial role in the development of
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cancer. CCN1 is an immediate-early response gene that is rapidly induced by a
wide range of stimuli encompassing hormones, growth factors and cytokines,
many of which have known roles in the regulation of tumor initiation and pro-
gression. Coordination of these extracellular signals by CCN1 may determine
the fate of cells in a potentially oncogenic environment. CCN1 was originally
observed to promote tumor growth, with high expression found in a num-
ber of cancer cell lines (Babic et al., 1998). However, subsequent studies by
different groups of investigators have shown that CCN1 has divergent func-
tions and expression profiles in cancer from different tissues. For example, high
expression has been detected in breast cancer and is associated with increased
tumorigenicity, but CCNI1 expression is lower in lung cancer where it was
found to reduce cellular proliferation (see Table 1 for summary). This chapter
will examine the differential expression of CCNI in cancers, review the cur-
rent understanding of how CCNI1 is regulated in tumor cells, and discuss the
consequences of its aberrant expression in relation to cancer pathology.

Table 1. Differential expression of CCN1 in cancer.

Expression of CCN1

Tissue Study comparisons relative to normal®
Breast Cancer vs. normal 1 36-39%
Stage II Invasive ductal 1 70%
carcinoma vs. matched normal
Brain Glioma vs. normal 1 38%
Uveal melanoma Fresh tumor biopsies and 0 N.Db

archival tissue vs. cultured
normal cells

Prostate Benign prostatic hyperplastic 1+ 79%
vs. normal
Lung Non-small cell lung cancer vs. 1 80%

matched normal

Prostate Cancer vs. matched normal 1 54%
Endometrial Cancer vs. matched normal 1 88%
Uterine leiomyomas  Leiomyoma vs. autologous 1 100%

normal myometrium

4Percentage of tumor samples that had expression levels of CCNI1 significantly
different to normal tissue.
5Not described.
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2. CCN1 EXPRESSION IN CANCER
2.1. Increased Expression of CCN1 in Cancer

Normal breast tissue expresses low levels of CCN1. Several studies comparing
matched samples from breast cancer patients have found elevated expression of
CCNI1 in tumor compared to normal tissue (Tsai et al., 2000; Sampath et al.,
2001a; Xie et al., 2001a). Overexpression of CCN1 was detected in 36% of
samples by northern blot analysis (Xie ef al., 2001b) and 39% of samples by
real-time PCR analysis (Xie ez al., 2001b), where overexpression was defined as
greater than three-fold that of normal. Univariate statistical analysis showed
a significant association between CCN1 overexpression and advanced stage
and size of the primary tumor, lymph node involvement at the time of primary
tumor removal and greater age at onset of disease. In a separate study, elevated
CCNI protein levels were detected in 70% of tumor tissues from patients with
stage II invasive ductal carcinoma tumor compared to matched normal tis-
sue (Sampath et al., 2001a). In situ hydridization analysis of tissue from these
patients demonstrated that CCNI1 is expressed specifically by the tumor epithe-
lial cells rather than by the surrounding stromal cells (Sampath et al., 2001a).
These observations suggest that CCN1 is closely associated with the malignant
phenotype and may serve as a marker of breast cancer progression.

CCNI1 expression was found to be positively correlated with elevated
Her2/neu levels and with ER positivity (Sampath er al., 2001a; Xie et al.,
2001a), suggesting that it contributes to estrogen and growth factor-driven
breast tumorigenesis. However, ER-positive breast tumors are responsive to
estrogen blockade, and ER expression in breast cancer is a good prognostic
indicator. Therefore, it is paradoxical that CCN1 expression is associated with
advanced disease, but these tumors are often ER-positive. In addition, expres-
sion of CCN2 and CCN4, but not CCN3, was elevated in breast cancers (Xie
et al., 2001b). Significant correlation was found among CCN1, CCN2 and
CCN4 expression; however, association of CCN3 with the other three genes
was not significant. A classification tree multivariate model predicted that the
proportion of patients who have CCN1-positive breast cancer increases with
age, tumor stage and ER level, and that ER and Her2 levels and tumor stage
were important predictors for having prominent expression of two or three
CCN genes.

Differential screening identified CCNI1 as a gene up-regulated in the breast
cancer cell line MDA-MB-231 as compared with the normal breast line
MCF-12A (Xie et al., 2001a; 2002). Prominent expression of CCN1 has been
demonstrated in the highly invasive breast cancer cell lines MDA-MB-231,
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MDA-MB-436, MDA-MB-157, with lower expression found in less tumori-
genic cell lines MCF-7, BT-20 and ZR-57-1, and barely detectable expression
in the normal breast cell lines MCF-10A and MCF-12A (Tsai et al., 2000; Xie
et al., 2001a; Evtimova et al., 2004). In contrast to that which is observed in
primary tumor specimens, expression of CCNI1 in breast cell lines correlates
inversely with their ER status. However, in highly transformed breast cancer
cell lines, other factors may be involved in up-regulation of CCN1, eliminating
their requirement for estrogen. For example, some ER-negative cell lines also
overexpress heregulin, an activator of Her2 signaling, which has been shown
to induce CCNI1 expression in vitro (Tsai et al., 2000).

CCNI1 mRNA was prominently expressed in highly invasive and tumori-
genic glioma cell lines U87, U118, U138, U373 and T98G; levels were markedly
lower in the less invasive and less tumorigenic cell line, U343, and was barely
detectable in the normal brain cell line HBMEC (Xie et al., 2002b; Martinerie
et al., 1997). Real-time PCR analysis was used to compare levels of CCN1
between normal brain and glioma samples, and the relationship between its
expression and clinical parameters was explored (Xie et al., 2004). CCNI1
was significantly overexpressed in nearly half of primary gliomas. Univariate
analysis showed a significant association of CCN1 overexpression with tumor
grade, and a larger proportion of female patients expressed high CCNI1 lev-
els compared to males. Overexpression of CCN1 occurred predominantly in
the most malignant samples (glioblastoma multifomae [GBM]). Furthermore,
statistical analysis showed that CCN1 expression had a remarkably significant
correlation with patient survival. In analysis of either all glioma patients or
GBM patients only, high CCN1 expression was a negative prognostic factor
for patient survival.

In another study, expression of CCN1 was undetectable in normal uveal
melanocytes, but was found at elevated levels in uveal melanoma cell lines and
primary uveal melanomas (Walker et al., 2002). Data from RT-PCR experi-
ments was confirmed by immunohistochemical analysis of paraffin-embedded
tissue.

In conclusion, these studies suggest that CCN1 may play a role in the pro-
gression of cancer and their levels at diagnosis may have prognostic significance.

2.2. Reduced expression of CCNI1 in cancer

CCNI1 mRNA levels were decreased markedly in four of five non-small cell lung
cancer (NSCLC) samples compared with matched normal lung tissue (Tong
etal.,2001). Extensive real-time PCR analysis using matched samples from 91
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patients has confirmed this initial observation (our unpublished data). CCN1
levels were reduced in 80% of cancer samples compared to normal tissue, and
expression was inversely correlated with stage of disease. Expression varied
among lung cancer cell lines. It was absent both in the small cell lung cancer
cell lines tested, and in two NSCLC cell lines that have a high potential to
form tumors in nude mice. In contrast, expression was high in three NSCLC
cell lines that have low tumorigenicity in vivo. Furthermore, overexpression
of CCNI in NSCLC cell lines caused growth suppression in vitro and in vivo,
suggesting that it may play a role as a tumor-suppressor in NSCLC.

Leiomyomas are thought to arise from dedifferentiated smooth muscle cells
in the myometrium. Expression of CCN1 was found to be consistently down-
regulated at both the mRNA and protein level in uterine leiomyoma compared
to matched normal myometrial tissue (Sampath et al., 2001). These results
suggest a role for CCN1 in maintaining a differentiated phenotype in uterine
smooth muscle. Interestingly, while estrogen, basic fibroblast growth factor
(bFGF) and serum were able rapidly to up-regulate CCN1 expression in nor-
mal myometrium explants cultured ex vivo, CCN1 mRNA levels in leiomyoma
explants could not be up-regulated with these treatments. The lack of CCN1
up-regulation in response to local stimuli may therefore explain its reduced
expression in leiomyomas.

Endometrial adenocarcinoma is the most common gynecologic malig-
nancy. Development of these cancers arises from a series of genetic alterations
that transform the normal endometrium through the stages of hyperplasia,
dysplasia and finally overt carcinoma. Levels of CCN1 were decreased in
endometrial tumors compared to matched normal endometrium (Chien et al.,
submitted 2004). In seven out of eight paired tissue samples, the expression of
CCNI1 was higher in the normal endometrial tissue compared to the matched
tumors. Also, CCN1 expression tended to be higher in the well-differentiated
cell lines.

In contrast, CCNI1 expression was found to be up-regulated in endo-
metrium of women suffering from endometriosis (Absenger et al., 2004).
Endometriosis is a benign disorder characterized by the growth of endometrial
cells outside the uterus, which may be caused by inappropriate differentiation
of the endometrium. In this study, endometrial CCN1 expression was estrogen-
responsive and anti-estrogen sensitive, and was up-regulated in the proliferative
phase of the menstrual cycle.

CCNI expression was found to be down-regulated in the tumor tissue of a
small cohort of patients with prostate cancer (Pilarsky ef al., 1998). Immuno-
histochemical analysis showed that expression was restricted to epithelial cells
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in the normal prostate, which was reduced in cancer tissue. Additionally, CCN1
was barely detectable in prostate cancer cell lines. In contrast, oligonucleotide
array analysis identified CCNI1 as being overexpressed in benign prostatic
hyperplasia (BPH) compared to normal prostate (Sakamoto ez al., 2003). BPH
is a non-malignant hyperplasia predominantly of the stromal tissue of the
prostate. Lysophosphatidic acid, a known mitogen for prostate cells (Daaka,
2002), up-regulated CCN1 expression, and recombinant CCN1 promoted pro-
liferation and cell adhesion of a prostate epithelial cell line derived from a
patient with BPH (Sakamoto ef al., 2004). Taken together, these studies con-
ducted thus far do not reveal a consistent role of CCNI in regulation of cell
growth in the prostate, but suggest a cell-specific expression pattern whose
significance is yet to be determined.

Microarray analysis of papillary thyroid cancer demonstrated down reg-
ulation of CCNI1 expression in tumor samples compared to normal thyroid
(Wasenius et al., 2003). One study used RT-PCR to measure expression of
CCNI1 in the livers of patients with hepatocellular carcinoma (Hirasaki et al.,
2001). However, expression levels were low, and no difference in expression
was detected between the tumor and surrounding normal tissue.

3. REGULATION OF CCN1 EXPRESSION IN CANCER

CCNI gene expression is regulated by an upstream serum-inducible promoter
(Latinkic et al., 1991). The promoter contains a serum response element (SRE)
originally identified in the c-fos promoter. The SRE integrates MAPK signal-
ing pathways to confer induction by serum, growth factors, cytokines and other
extracellular stimuli (Whitmarsh et al. 1995). Consistent with these observa-
tions, CCNI1 is up-regulated by a variety of growth-related factors, many of
which are involved in cancer progression. The following section will discuss
the regulation of CCNI1 expression as it relates to cancer pathobiology.

The correlation of CCNI1 expression with estrogen receptor positivity in
breast cancers (Sampath et al., 2001; Xie et al., 2001a) indicates CCN1 mRNA
expression may be regulated by estrogen receptor signaling in vivo. Also, CCN1
mRNA is induced by 178-estradiol (E») in the uteri of ovariectomized rats
(Rivera—Gonzalez et al., 1998). CCN1 mRNA and protein can be induced
by E; treatment in estrogen-responsive breast cell lines (Sampath ez al., 2001;
Xie et al., 2001). Induction of CCNI1 in MCF-7 breast cancer cells is ER-
dependent, as pre-treatment of MCF-7 cells with the estrogen receptor antag-
onists tamoxifen and ICI182,780 prevents E;-stimulation of CCN1 expression.
Two separate studies have shown that up-regulation of CCN1 by estrogen in



The Role of CCN1 in Tumorigenesis and Cancer Progression 279

MCF-7 cells occurs in the presence of the protein synthesis inhibitor, cyclo-
hexamide indicating that synthesis of intermediate proteins is not required
(Sampath et al., 2001a; Tsai et al., 2002b). Therefore it is apparent that estro-
gen acts through the ER to induce CCNI1 expression without the synthesis
of additional proteins through a process that may or may not involve reg-
ulation of mRNA stability. CCNI1 is an important downstream effector of
hormone- and growth factor-dependent cell proliferation. Indeed, enhanced
MCF-7 cell growth by either E; or EGF was diminished with neutralizing
anti-CCNI1 polyclonal antibodies, demonstrating that it contributes to E; and
EGF-stimulated breast cancer proliferation (Sampath et al., 2001). A similar
study by the same group showed that the progestin, R5020, transcriptionally
up-regulated CCNI1 levels in a progesterone receptor- (PR) dependent manner
(Sampath er al., 2002). Anti-CCNI1 antibodies again suppressed progestin-
dependent DNA-synthesis, reinforcing the concept of CCN1 as a mediator of
hormone- and growth factor-stimulated proliferation.

Up-regulation of the Her2 pathway is associated with tumor progression
(Roskoski, 2004). As discussed above, a strong association exists between
CCNI1 and Her2 expression in breast tumors, suggesting that Her2 activation
may be an important regulator of CCN1 expression in tumors. In support of
this hypothesis, EGF and heregulin, ligands that activate the Her-2 kinase path-
way, have been shown to induce CCN1 expression (Sampath ez al., 2002a; Tsai
et al., 2000). MCF-7 cells stably transfected with heregulin also express high
levels of CCN1 (Tsai et al., 2000). Furthermore, a neutralizing anti-CCN1 anti-
body blocked heregulin-dependent chemomigration of MCF-7 cells, demon-
strating that CCN1 was a downstream regulator of heregulin action.

Cross talk between growth factor and hormone pathways appears to con-
verge to enhance expression of on CCNI1. Co-treatment of MCF-7 cells with
E; and EGF resulted in prolonged CCN1 mRNA accumulation in compari-
son to treatment with either agent alone. This synergy correlates well with the
overexpression of CCN1 in ER and EGFR positive tumors found in patient
samples examined in the same study (Sampath et al., 1998).

The active metabolite of vitamin D, 1,25-dihyroxyvitamin Dj
[1,25(OH), D3], has been shown to up-regulate expression of CCNI1 in breast
cancer cell lines and osteoblasts (Scheutze et al., 1998; Tsai et al., 2002a). The
1,25(OH); D3 has anti-proliferative activity against many cancers, including
breast, and therefore would not have been expected to induce CCN1 expres-
sion. However, CCNI is known to play a role in the differentiation of sev-
eral cell types, and its transient expression may be an important component
of 1,25(OH),Ds-induced differentiation. In contrast, retinoic acid, another
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steroid hormone receptor ligand with antiproliferative activity, was shown to
suppress CCN1 expression in retinoid-sensitive MCF-7, cells but not retinoid-
resistant MDA-MB-231 cells (Tsai et al., 2002a). Additionally, the PKC activa-
tor, TPA, induces CCN1 expression in both MCF-7 and MDA-MB-231 breast
cancer cells (Tsai et al., 2002a).

Tumor growth and metastasis depend upon the formation of new blood
vessels. Hypoxia within the tumor microenvironment promotes expression of
angiogenic factors, including the transcription factor and hypoxia-inducible
factor-la (HIF 1) (Pugh and Ratcliffe, 2003). Microarray analysis identified
CCNI as a hypoxia-inducible gene in malignant melanoma cell lines (Kunz
et al., 2003). CCN1 promoter activity was induced by hypoxia in a HIFl«
and AP-1 dependent manner. Furthermore, HIF 1o and AP-1 physically inter-
acted in response to hypoxia in vivo. EMSA analysis revealed that this hypoxia-
inducible transcription factor complex formed within four hours of hypoxic
stimulation on the CCN1 promoter. Thus, hypoxic conditions found within
tumors may up-regulate CCN1 expression, which induces angiogenesis by pro-
moting endothelial cell migration and proliferation (Kireeva et al., 1996; Leu
et al., 2002). These results provide a mechanistic explanation for the increased
size and vascularity of CCNI1 overexpressing tumors grown in nude mice.

Anintact AP-1 site is also important in regulation of CCN1 promoter func-
tion in response to activation of Rho GTPases by sphingosine-1-phosphate
(S1P) in smooth muscle cells (Han ez al., 2003). Experiments using specific
kinase inhibitors showed that Rho GTPase signals through p38 MAPK phos-
phorylation to induce CREB and AP-1-mediated CCN1 promoter activity
and gene expression. In contrast, activation of INK, but not p38 MAPK, was
important for CCN1 up-regulation during neuronal cell death in response to
toxic stimuli (Kim ez al., 2003). However, studies in the same cell line demon-
strated that CCN1 expression during neuronal cell differentiation was associ-
ated with ERK activation (Chung et al., 1998).

Thus, diverse signals of CCNI1 are transmitted by different extracellular
factors through various kinases and transcription factors in a cell- and context-
specific manner. The wide range of biological functions in which CCNI1 is
involved are reflected by the diversity of environmental stimuli involved in its
up-regulation.

4. EFFECT OF CCN1 ON TUMOR CELL LINES

CCNI plays a significant role in normal development and cell biology (Mo
et al., 2002). It is thought to exert its effects through integrin activation.
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Table 2. Summary of effects of forced CCN1 overexpression on cell line behavior.

Change in phenotype caused by forced expression of
Tissue Cell line CCN12

Breast MCEF-12A Increased anchorage-independent cell growth
Stimulated migration in vitro
Allowed tumor formation in nude mice
MCF-7 Increased anchorage-independent cell growth
Promoted migration in vitro
Stimulated tumor growth and angiogenesis in vivo
Caused estrogen-independent growth in vitro and in vivo
Became resistance to chemotherapeutic drugs
Brain U343 Increased proliferation in vitro
Increased ability to form tumors in nude mice
Enhanced angiogenesis in vivo
Enhanced migration in vitro
Activation of integrin signalling pathway

Gastric RF-1 No change in proliferation in vitro
Increased tumor size and vascularity in vivo
Lung H460 Decreased proliferation in vitro associated with G
H520 cell cycle arrest

Reduced ability to form tumors in nude mice
Up-regulation of S-catenin-c-myc-p53 pathway
Endometrium AN3CA Caused growth retardation in vitro and in vivo
Ishikawa Increased apoptosis

4See text for details.

Intracellular signaling pathways activated by CCN1 in normal cells have been
identified that may be relevant to its effects on tumor cell growth: CCN1 is able
to stimulate Wnt-g-catenin signaling during xenopus development (Latinkic
et al., 2003); it promotes a genetic program for wound healing in fibroblasts
that includes ERK phosphorylation (Chen et al., 2001). The following section
will address the behavioral and molecular changes that occur in cancer cells
when they are exposed to high levels of CCNI1, by either forced overexpres-
sion by cDNA expression vector transfection, or treatment with recombinant
protein (Table 2).

4.1. Breast

Transfection of CCNI1 in breast cell lines that do not normally express the
gene elicits a more tumorigenic phenotype. MCF-12A (non-transformed) and
MCEF-7 (transformed) breast cell lines stably transfected with CCN1 proliferate
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more rapidly in vitro and demonstrate enhanced anchorage-independent
growth, forming more and larger colonies in soft agar in comparison to control
cells (Xie et al., 2001a). Enhanced proliferation caused by CCN1 overexpres-
sion was found to occur in an estrogen-independent manner (Tsai et al., 2002b).
However, MCF-7/CCNI1 cells remained responsive to estrogen, as their prolif-
eration was still stimulated by treatment with E,, and this stimulation could
be reversed by antiestrogen treatment. Consistent with observations made in
tumor samples, MCF-7/CCNI1 cells retained expression of a functional ER,
although levels of the receptor were slightly diminished (Tsai et al., 2002b).

Tumor formation in nude mice was promoted by CCN1 overexpression in
breast cells. MCF-7 cells overexpressing CCN1 (MCF-7/CCNI1) grew more
rapidly in vivo in comparison to vector control (MCF-7/V) cells. Significantly,
while the normal MCF-12A cell line cannot form tumors in nude mice, trans-
fection of these cells with CCN1 allowed them to form tumors within three
weeks of subcutaneous injection, suggesting that CCN1 promotes tumorigen-
esis as well as tumor progression in breast cancer. Experiments showing that
MCEF-7 cells are unable to form tumors in ovariectomized, estrogen deficient
nude mice, unless they are transfected with CCNI1, provides additional evi-
dence for this hypothesis (Tsai ef al., 2002b).

CCNI1 overexpression also promotes angiogenic activity of breast cancer
cells. In the breast cancer cell line MCF-7/CCN1, tumors grown subcuta-
neously in nude mice demonstrated increased blood vessel formation compared
to MCF-7/V tumors as determined histologically and by immunohistochem-
ical detection of CD31 (Xie et al., 2001; Tsai et al., 2002b). Furthermore,
expression of the angiogenic growth factor, VEGF, could be detected in tumors
derived from MCF-7/CCN1 cells (Tsai et al., 2002b).

In addition, transfection of breast cell lines promotes a metastatic pheno-
type invitro. MCF-12A and MCF-7 overexpressing CCN1 showed an increased
ability to migrate in vitronectin-coated Boyden chambers, and MCF-7/CCN1
cells displayed extensive migration in a Matrigel outgrowth assay (Tsai et al.,
2002b; Xie ef al., 2001a).

4.2. Brain

Forced overexpression of CCN1 in the U343 brain tumor cells accelerated their
proliferation in liquid culture as well as enhanced their anchorage-independent
growth in soft agar and significantly increased their ability to form tumors in
nude mice (Xie et al., 2004b). Similar to results found in breast cancer cell
lines, tumors derived from U343/CCNI1 cells demonstrated increased blood
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vessel density in comparison to those from U343/V controls. In addition,
U343/CCNI cells displayed enhanced migration in vitronectin-coated Boyden
chambers, which could be inhibited with an anti-CCN1 antibody. U343/CCN1
cells increased their expression of integrin receptor mRNAs, and expressed
higher levels of @, 83 on their cell surface.

Integrins can regulate cell migration and proliferation by signaling through
an integrin-linked serine-threonine kinase (ILK) (Dedhar ef al., 1999). ILK
activity was dramatically increased in U343/CCNI1 cells, suggesting that CCN1
overexpression up-regulates levels of its own receptors, leading to activation of
the ILK kinase. ILK is an upstream effector of the PI3 kinase-dependent phos-
phorylation of both AKT and glycogen synthase kinase 3 (GSK-3). Phosphory-
lation of these kinases results in 8-catenin nuclear translocation, where it binds
to members of the TCF4/LEF family and serves as a transcriptional activator
of a variety of genes (Delcommenne et al., 1998; Behrens, 2000). These genes
are often associated with stimulating cell proliferation and include cyclin D1,
c-myc and c-jun. This pathway was found to be up-regulated in U343/CCNI1
cells, which increased their phosphorylation of both AKT and GSK-3 in rela-
tion to control cells and also demonstrated nuclear translocation of -catenin.
Transfection of U343/CCNI1 cells with a dominant negative TCF4 caused their
severe growth arrest and down-regulation of cyclin D1 levels in comparison to
control cells, suggesting that CCN1 stimulates S-catenin to enhance expression
of proteins associated with cell proliferation. Taken together, these observa-
tions reveal a mechanism whereby secreted CCN1 promotes tumor growth by
activating integrin signaling to downstream kinases, which results in nuclear
translocation of B-catenin and increased proliferation (Fig. 1).

4.3. Lung

CCNI1 overexpression in NSCLC cell lines elicits a decrease in the tumori-
genic phenotype, which is consistent with its reduced expression in patient
samples (Tong et al., 2001). Both H520 and H460 NSCLC cell lines express
very low levels of CCN1. Stable transfection of these cell lines with a CCN1
expression vector resulted in their decreased proliferation relative to controls
in both liquid culture and soft agar. These cells exhibited Gy cell cycle arrest,
which was accompanied by up-regulation of the cyclin-dependent kinase
inhibitor, p21, and decreased CDK2 kinase activity. Both wild-type p53 and
pRB2/p130 were up-regulated in H520/CCN1 and H460/CCNI1 cells. More
detailed analysis subsequently revealed that the molecular pathway used by
CCN1 to suppress growth in these cells involved S-catenin, c-myc and p53
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Fig. 1. Divergent effects of CCN1 in cancer. CCN1 is able to either promote or repress
tumor growth in a tissue-specific manner. Cancerous tissues in which high levels of CCN1 has
been detected, and where it increases tumorigenicity include breast and brain. Tissues in which
CCNI expression is decreased in cancer, and where it suppresses proliferation include lung and
endometrium. Pro-growth effects of CCN1 in cancer cells are mediated though integrin receptors
that activate the integrin linked kinase (ILK), which phosphorylates AKT and glcogen synthase
kinase-3 (GSK). This results in B-catenin translocation to the nucleus, where it binds to TCF4 to
activate transcription of genes such as cyclin D1 to enhance proliferation. Anti-tumor effects of
CCNI in tumor cells are also associated with S-catenin activity. In these cells, up-regulation of
c-myc leads to stimulation of p53 or Bax, which causes growth arrest or apoptosis.

(Tongetal.,2004; Fig. 1). The proto-oncogene, c-myc, is a transcriptional target
of B-catenin/TCF4; and it in turn, acts as a transcriptional activator for genes
that play important roles in cell proliferation, growth arrest and apoptosis (He
et al., 1998). c-myc acts as an oncogene in the absence of functional p53; in the
lung cancer cells with wild-type p53, c-myc up-regulates p53 transcription and
increases protein stability, leading to p53-mediated growth arrest and/or apop-
tosis (Hermeking and Eick, 1994; Zindy et al., 1998). Proliferation of NSCLC
cell lines expressing a mutant form of p53 was not suppressed by CCNI1. In
contrast, growth retardation in wild-type p53 expressing H520 and H460 cells
transfected with CCN1 could be reversed by inhibiting p53 with either HPV16
E6 or dominant-negative p53. Levels of B-catenin and c-myc were increased in
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H520/CCNI cells and B-catenin was translocated into the nucleus. Transfec-
tion of H520/CCNI1 cells with a dominant-negative form of TCF4 inhibited
expression of c-myc, suggesting that activation of S-catenin signaling by CCN1
resulted directly in c-myc up-regulation. Treatment of H520/CCNI1 cells with
antisense oligonucleotides against c-myc reduced p53 expression, demonstrat-
ing that c-myc was upstream of p53. In addition, forced overexpression of
c-myc in wild-type H520 cells caused growth inhibition and up-regulation of
p53 and p21, confirming c-myc was a negative growth regulator in these cells.
Thus, a molecular model for growth suppression by CCN1 in NSCLC can be
proposed. First, secreted CCN1 binds to integrin receptors in an autocrine
and paracrine manner and triggers a signal transduction pathway that leads to
nuclear accumulation of S-catenin. Nuclear S-catenin associates with TCF4
to promote expression of c-myc, which successively up-regulates p53 and p21,
leading to growth suppression. The mechanisms by which CCNI1 is down-
regulated in NSCLC are currently under investigation in our laboratory.

4.4. Endometrium

Undifferentiated AN3CA endometrial cancer cells transfected with CCN1
proliferated less rapidly and formed smaller tumors in nude mice com-
pared to vector-transfected control cells (Chien et al., submitted 2004). No
difference occurred in the cell-cycle profiles between AN3CA/CCNI and
AN3CA/V cells. However, CCN1-mediated growth retardation was associ-
ated with increased apoptosis and decreased expression of anti-apoptotic
Bcl-2 protein and increased levels of pro-apoptotic Bax. Caspase-3 activ-
ity was substantially increased and mitochondrial potential was decreased
in well-differentiated Ishikawa endometrial adenocarcinoma cells treated
with CCN1 conditioned medium, indicating that CCNI1 inhibits growth
of endometrial cancer cells by promoting apoptosis. In an analogous
fashion to lung cancer cells, CCN1 overexpression in AN3CA cells
up-regulated B-catenin activity and c-myc expression. c-myc has been
reported to enhance activation of Bax (Juin er al., 2002). We found Bax
expression prominently induced in AN3CA/CCNI cells, suggesting that a
B-catenin-mediated tumor suppression pathway was activated by CCN1 in
the endometrium (Fig. 1).

4.5. Other

RF-1 gastric adenocarcinoma cells have a low capacity to form tumors in
nude mice. Stable transfection with a CCN1 expression vector did not change
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their growth rate in culture, but did promote their formation of lager, more
vascular tumors in vivo (Babic et al., 1998). Also, recombinant CCN1 protein
promoted the adhesion and proliferation of BRF-55T prostatic epithelial cells
(Sakomoto et al., 2004). Furthermore, the serum-stimulated growth of BRF-
55T cells was slightly decreased by the addition of an anti-CCNI1 polyclonal
antibody.

5. CHEMORESISTANCE

Differential expression of CCN1 has been identified by microarray analysis in
several studies screening for genes involved in resistance to chemotherapy. In
a large study of 55 cell lines, CCN1 was associated with resistance to a panel
of chemotherapeutic drugs, suggesting that it may be a common predictive
marker of drug resistance (Dan et al., 2002). Further evidence for this hypoth-
esis was provided by the observation that 5-Fluorouracil-resistant HCT116
colon cancer cell lines expressed higher levels of CCNI1 (de Angelis et al.,
2004). In contrast, CCN1 was down-regulated in three melanoma sublines
with acquired resistance to cisplatin, etoposide and fotemustine (Wittig et al.,
2002). Overexpression of CCN1 in MCF-7 cells confers resistance to apoptosis
induced by paclitaxel, adriamycin and S-lapachone (Lin et al., 2004). Resis-
tance to apoptosis was due to up-regulation of NF-« B activity and consequent
increased expression of anti-apoptotic XIAP (Fig. 1). Inhibition of NF-«B or
XIAP restored the sensitivity of MCF-7/CCNI cells to the chemotherapeutic
agents. Furthermore, neutralizing antibodies to integrins o, 83 and «, 85 inhib-
ited NF-«B activation and XIAP expression in MCF-7/CCN1 cells, providing
a link between CCNI signaling at the cell surface and apoptosis resistance.
Another potential mechanism for drug resistance is demonstrated by the find-
ing that in U343 brain cancer cells transfected with CCN1, increased ILK and
AKT activity leads to phosphorylation and suppression of the proapoptotic
protein Bad (Xie et al., 2004b).

6. SUMMARY

CCNI1 has the potential to regulate coordinately many aspects of cancer
activity. It may promote tumor progression in an autocrine or paracrine
fashion by stimulating proliferation via ligation and activation of integrin
receptor-stimulated intracellular kinase pathways and augmention of growth
factor activity, by enhancing the migratory capacity of tumor epithelial cells,
by promoting tumor neovascularization though recruitment of endothelial
cells, and by causing resistance to chemotherapeutic drugs. Suppression of
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tumor cell proliferation by CCN1 seems to occur through similar intracellular
signaling pathways. Therefore, the ultimate effects of CCNI1 expression
are both context- and tissue-dependent. These divergent effects may result
from a combination of several events: i) the presence or absence of dif-
ferent growth factors in the local tumor environment that interact with
CCNI in a synergistic or antagonistic fashion; ii) the expression of dif-
ferent integrin receptor profiles by cancer cells that results in their acti-
vation by CCNI1 of signaling pathways specific to either proliferation or
growth suppression; and iii) the molecular context in which these sig-
nals are received, for example the cells expression of either wild-type or
mutant p53.
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CHAPTER 16

CCN4 AND CCN6 VARIANTS IN
WNT-INDUCIBLE SIGNALING PATHWAY

Shinji Tanaka
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1-5-45 Yushima, Bunkyo-Ku, Tokyo 113-8519, Japan

Extracellular stimulation activates the particular receptors to transduce intra-
cellular signals into the nucleus. It is well recognized that abnormal signal
transduction occurs in cancer cells. Recent investigations revealed one of the
major pathways implicated in gastrointestinal malignancies has been found to
involve the Wnt-Wingless system. Indeed, we isolated a Wnt receptor gene des-
ignated Frizzled that represents a key signaling molecule for beta-catenin reg-
ulation in cancers. Among Wnt-inducible genes downstream of beta-catenin,
itis noteworthy that three homologues of CCN family members has been iden-
tified as Wnt-inducible signaling pathway 1 (WISP1)/CCN4, WISP2/CCNS,
and WISP3/CCNG6. Recently, we isolated novel variants of WISP1/CCN4 and
WISP3/CCNG6 in human cancer tissues. This review focuses on Wnt in onco-
genic signal transduction pathways and especially WISP/CCN variants, and
emphasizes their regulation as an important concept that may influence future
cancer treatments.

1. WNT/BETA-CATENIN SIGNALING CASCADE

The proto-oncogene Wnt-1 (mammalian Wingless homologue) is a key reg-
ulator of cell and segment polarity during the development of Drosophila.
Activation of mouse Wnt-1 (proto-oncogene) via integration of the mouse
mammary tumor virus (MMTYV) caused murine breast tumors leading
to further investigation on its role in human tumorogenesis (Nusse and
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Varmus, 1982). There are numerous reports citing Wnt overexpression, and
underexpression in human tumors but mRNA expression levels are only cor-
relative at best. Thus far, the Wnt ligands, of which there are at least 16 mem-
bers in vertebrates, are secreted glycoproteins that can be loosely categorized
according to their ability to promote neoplastic transformation (Wong et al.,
1994). For example, Wnt-1, Wnt-3, or Wnt-10b activation, following retroviral
insertion into murine mammary epithelial cell DNA, promoted tumor forma-
tion (Wong et al., 1994). Because Wnt overexpression resulted in morphologic
transformation, the oncogenic potential was assessed in cultured fibroblasts
and in mammalian cells; cellular transformation occurred following Wnt-1,
Wnt-2, Wnt-3a transfection, but was negative upon use of Wnt-4, Wnt-5a,
and Wnt-6 cDNAs. Interestingly, transforming Wnt genes promoted nuclear
translocation of beta-catenin in some cultured mammalian cells by mecha-
nisms described in Fig. 1 (Peifer and Polakis, 2000).

Signaling is initiated by the secreted Wnt proteins, which bind to a class
of seven transmembrane receptors encoded by the Frizzled genes (Bhanot
et al., 1996). Previous studies have found a human Frizzled homologue,
FzE3, to be overexpressed in esophageal tumor cell lines, but not in adja-
cent normal mucosal tissue (Tanaka et al., 1998). It was characterized as
the specific LDL-receptor-related protein (LRP) ligand necessary for optimal
Wnt/Frizzled signaling (Tamai et al., 2000). Activation of the Frizzled receptor
leads to Dishevelled protein interaction, which prevents glycogen synthase

APC \

Axin

beta-catenin

catenin

Target genes

Fig. 1. Wntsignaling pathway. LRP; LDL-receptor-related protein. Dsh; dishevelled. Gsk; gly-
cogen synthase kinase. APC; adenomatous polyposis coli.
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kinase 3 (GSK3) from phosphorylating critical downstream substrates (Itoh
et al., 1998). The GSK3 substrates include the negative regulators Axin and
APC (adenomatous polyposis coli tumor suppressor), as well as beta-catenin
(Rubinfeld et al., 1997). This serine/threonine kinase GSK3 binds to and
phosphorylates several intracellular proteins in the Wnt pathway and appears
instrumental to the down-regulation of beta-catenin (Drosphila Armadillo).
Beta-catenin phosphorylation by GSK3 allows recognition by beta-TRCP, an
essential component of an E3 ubiquitin ligase system with subsequent degra-
dation of beta-catenin within the cell. The frequency of beta-catenin muta-
tions at the GSK3 recognition or binding site in various cancer cells (Morin
etal., 1987).

Based on activation of the Wnt signal transduction cascade and/or
substrate mutations, unphosphorylated beta-catenin escapes recognition by
beta-TRCP, and translocates to the nucleus where it engages TCF and LEF
transcription factors (Behrens et al., 1996). There have been reported numer-
ous genes that are downstream targets of beta-catenin transcriptional activ-
ity. The diverse roles of Wnts in both development and tumorigenesis have
fostered the search for Wnt responsive genes in these processes. Wg signal-
ing in Drosophila is known to transcriptionally activate the expression of
engrailed and Ultrabithorax through the Armadillo/dTCF complex. Besides
these Drosophila homeobox genes, Wnt signaling through beta-catenin in
Xenopus results in the transcriptional induction of homeobox genes. Other
responsive genes of Wnt/Wg that are transcriptionally activated by beta-
catenin/Lef-TCF include the oncogenes such as cyclin D1, ¢c-myc, c-jun, fra-1,
and matrix metalloproteases, as well as the p53 tumor suppressor gene (Moon
et al., 2002). Recently, Pennica et al. isolated novel Wnt-inducible genes down-
stream of beta-catenin; Wnt-inducible signaling pathway 1 (WISP1), WISP2,
and WISP3 (Pennica et al., 1998). It is noteworthy that these WISPs are homol-
ogous to CCN family proteins, and classified as CCN4, CCNS5, and CCNG6,
respectively.

2. CCN FAMILY AND WISPs

CCN is a novel secreted cysteine-rich peptide family (Perbal, 2004), which
stands for Cysteine-rich 61 (Cyr61)/CCNI, connective tissue growth factor
(CTGF)/CCN2, and nephroblastoma overexpressed (Nov)/CCN3 molecule,
and appears to be involved in human fibrotic disorders associated with stromal
tissues. CTGF mRNA is overexpressed in numerous fibrotic disorders both in
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skin and in internal organs, such as in scleroderma. Similarly, high protein levels
of Cyr61 are detected throughout the reparative phase of the callus, particularly
in fibrous tissue and periosteum, and in proliferating chondrocytes during
repair of bone fracture. Some CCN family members belong to immediate-
early genes expressed after induction by certain oncogenes and growth factors
such as EGF and TGF-beta.

A characteristic CCN protein is composed of signal sequences (SS) respon-
sible for protein secretion, and four distinct modules that exhibit homology to
conserved regions in a variety of extracellular proteins (Bork, 1993). Module I
is an amino-terminal domain that has homology to the insulin-like growth
factor binding proteins (IGFBP). Module II is a domain with homology to
Von Willebrand factor type C (VWC) repeats and may participate in protein
complex formation. Module III is a thrombospondin (THBS) type I domain
and may be involved in the binding of CCNs to sulfated glycosaminoglycans
either on the cell surface or in the extracellular matrix. Module IV is a cys-
teine knot (CK) domain, which has been identified in several other signaling
peptides (such as TGF-beta, platelet derived growth factor and nerve growth
factor), and may participate in dimerization and receptor binding.

Although several CCN family proteins such as Cyr61 and CTGF appear
to enhance invasive cell properties (Kireeva et al., 1996; Babic et al., 1999),
the WISP1 gene was first isolated as a suppressor of metastasis (Hashimoto
et al., 1998). WISP2 lacks the fourth module of CK2 that positively regulates
osteoblast function (Kumar et al., 1999) and breast carcinoma cell growth
(Zoubine et al., 2001). Finally, WISP3 has been independently reported as a
gene (LIBC) that was lost in inflammatory breast cancers (van Golen ef al.,
1999) suggesting a potential tumor suppressor function for wild-type WISP3.

55 IGF-BP VWC THBS CK
] I == [ )
| Secretion | | IGF binding | Glycosaminoglycans

Extracellular matrix

Frotein complex
formation Dimerization
Receptor binding

Fig.2. Schematic structure of the typical CCN protein and potential functions. The CCN protein
is composed of signal sequences (SS), a domain with homology to insulin-like growth factor
binding proteins (IGFBP), a domain homologous to von Willebrand factor type C (VWC) repeats,
a thrombospondin (THBS) type I domain, and a cysteine knot (CK) domain.
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While the WISP subfamily might be closely associated with the function of
either Wnt signals or matrix proteins, it remained to be identified how to
contribute to carcinogenesis and cancer progression.

3. WISP1 VARIANT (WISP1v)

Scirrhous carcinoma of the stomach is characterized by rapid growth with
a vast fibrous stroma, high invasiveness, and substantially a poor prognosis.
Little is known of the molecular pathogenesis of this disease. Using targeted
differential displays, we identified a novel variant of WISP1, named WISP1v, as
overexpressed in scirrhous gastric carcinomas (Tanaka et al., 2001). Predicted
protein of the WISP1v completely lacks the second module of VWC that is
thought to participate in protein complex formation (Fig. 3). According to the
human genomic analysis, the WISP1 coding region was found to consist of
five exons. Interestingly, each module of WISP1 was encoded by each exon, as
noted for other CCN members (Perbal, 2004). Alternative splicing of the entire
third exon revealed production of WISPlv mRNA. No genomic mutation in
the intron: exon junction was detected in all of the examined samples expressing
the WISP1v, hence another mechanism for alternative splicing of the third exon
is involved.

non-seirrhous scirrhous
Mol Nel Ms3 Wsd Secl Se2 Sci Scd
THNTHTHTN THNTHNTHTN

S% IGF-BP VWC THBS CK

WISPI IGF-BP WISPI THES

LI WISP1v —T—] N )

1 1 |II -

b [l e GenBank: AB034725
P U Tt T
'l il .._..i. JI. I:.l.__ll I_= II. ....I.I.... .!Il J=. ‘; il |_|[ 1

Fig. 3. Identification of cancer-specific genes of the CCN family in non-scirrhous or scirrhous
gastric carcinoma tissues. Left upper: Expression pattern of CCN family by RT-PCR in tissue
samples of gastric carcinoma (T) compared to normal adjacent mucosa (N) derived from non-
scirrhous (Ns) or scirrhous types (Sc). The number indicates the clinical sample. A small product
amplified from the scirrhous type of gastric carcinoma, but not from the non-scirrhous carcinoma.
Left lower: Direct sequence analysis on the small PCR product from the scirrhous gastric carci-
noma, revealed a sole fragment lacking the second module VWC of WISP1. Right: Schematic
structure of WISP1v in comparison with the wild-type protein of WISP1.



298 Tanaka S

Ectopic expression revealed WISP1v to be a secreted oncoprotein inducing
a striking cellular transformation and rapid piling-up growth. It is noteworthy
that WISP1v transfectants enhanced the invasive phenotype of co-cultured
gastric carcinoma cells, while wild-type WISP1 had no such potential. These
findings suggest that CCN protein WISP1v is involved in the aggressive pro-
gression of scirrhous gastric adenocarcinoma. The WISP1v stimulated the
invasive phenotype of cancer cells with activation of both p38 and p42/p44
mitogen-activated protein kinases (MAPKs) (Fig. 4). Furthermore, WISP1v-
induced cancer invasion was significantly suppressed by the p38 MAPK
inhibitor SB203580 but not by the p42/p44 MAPK kinase (MEK) inhibitor
PD98059. Our findings suggest that WISP1v mediated signaling is involved
in the generation of invasive cellular properties and leads to progression of
human carcinoma.

A WISP1 WISP1V C Migrating _|
cells

46 . .

30 . .

B 100

wispiv-cM - + + 4+ + ]

inhibitor - - SB PD SB/PD i

p38 i

Phospho — 3 3 i

p42/p44 = -

WISPly - - - - + + + +

inhibitor - SBPD sB - SB Pp 3B

beta-actin = - — — — —
Fig. 4. Biological effects of WISP1v. A: Expression analysis of the WISP1s protein of the trans-
fected cell lysate under non-reducing conditions. The molecular weights shown in the left lane.
B: Immunoblot detection of threonine phosphorylated MAPKs in WISP1v-stimulated HuCCT1
cholangiocarcinoma cells (upper: p38 MAPK, lower: p42/p44 MAPK). SB and PD indicate the
administration of kinase inhibitors specific for p38 (1 x 10=2 mM of SB203580) and for MEK1/2
(5 x 1072 mM of PD98059), respectively. Equal expression of beta-actin certified the quality of
protein in each sample. C: The migration of cholangiocarcinoma cells stimulated by WISP1v-CM
(4) or mock-CM (—), with or without kinase inhibitors. Cell movement was evaluated by the
number of cells migrating into Matrigel. Results are derived from three individual experiments
and error bars indicate the standard deviation from the mean. There is a statistical difference in
migrated cell numbers between WISP1v-positives and WISP1v-negatives (p < 0.05).
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4. WISP3 VARIANT (WISP3v)

Microsatellites are repetitive DNA sequences distributed throughout the
genome and known to be unstable in a subset of human tumors referred to
as being microsatellite instable (Ionov et al., 1993). The microsatellite insta-
bility phenotype is caused by inactivating alterations of mismatch repair
genes. Stretches of short repetitive sequences are prone for mutation in a
microsatellite instable cell. These sequences are most common in noncoding
parts of the genome. However, some genes contain repeats within their cod-
ing region, and mutations in these genes may provide a selective advantage
for tumor cell growth. Several genes have been found to be targeted by this
mechanism and to be mutated in microsatellite instable carcinomas of the
gastrointestine.

WISP3 contains an (A)9 repeat within its coding region between the second
and third modules, and a frameshift mutation in this repeat leads to a prema-
ture stop codon at 69-bp downstream. The truncated protein WISP3(A)8 lacks
both of the third module THBS and the fourth module CK (Fig. 5). WISP3(A)8
gene was recognized in 31% of microsatellite instable colorectal carcinomas
(Thorstensen et al., 2001), and 21% of microsatellite instable gastric carcino-
mas in our experiments (Tanaka et al., 2002a), while none of the microsatellite
instable esophageal carcinomas exhibited such mutation. To evaluate the effects

microsatellite instability (-) microsatellite instability (+)
A9 _— A8

ss IGF-BP  VWC THBS CK
WwisP3 [ — | — | ]

WISP3v [ I | 1 J== GenBank: AB075040

Fig. 5. Identification of a variant WISP3 gene associated with microsatellite instability. Upper:
Direct sequence analysis on the A9 repeat of the WISP3 gene, revealed a A8 frameshift mutation
in microsatellite instable carcinoma of the stomach. Lower: Schematic structure of WISP3v in
comparison with the wild-type protein of WISP3.
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Fig. 6. A: Ectopic expression of WISP3 in Kato-I1I human gastric carcinoma cells. Stable trans-
fectants of WISP3(A)9 cDNA or WISP3(A)8 cDNA were prepared with a bicistonic expression
vector pIRESneo (Clontech, Palo Alto, CA), that contains the internal ribosome entry site (IRES)
of the encephalomyocarditis virus. The expression cassette contains a single promoter which, in
combination with the IRES, permits the translation of both the gene of interest and the neomycin-
resistant gene from the same mRNA. Specific expression of WISP3 was detected in cell lysates of
the transfectants using a polyclonal antibody against the WISP3 IGFBP domain (sc-8871; Santa
Cruz Biochemistry, Santa Cruz, CA). The mock-vector transfectants as a negative control. The
molecular weights shown in the left lane. B: Matrigel invasion assays on the transfectants or the
parental gastric carcinoma Kato-III cells. The number of cells invading into the Matrigel matrix
were determined for each clone, following 24 hr stimulation of chemotaxis by serum. To avoid
clonal deviation, three independent clones of WISP3(A)9 or WISP3(A)8 transfectants were used,
and the results were derived from three individual experiments. Error bars indicate the standard
deviation from the mean.

of the mutation in WISP3, stable transfection of the cDNA was performed on
human gastric carcinoma cell line Kato-III that expresses no WISP3 mRNA.
Western blot analysis of cell lysates of the transfectants with WISP3(A)9 cDNA
and WISP3(A)8 ¢cDNA identified specific proteins of approximately 40 kDa
and 25kDa, respectively (Fig. 6A), using anti-N-terminus WISP3 antibody.
Since CCN family proteins have been reported to regulate cellular invasive-
ness (Kleer er al., 2002), invasion analysis of the transfected gastric carcinoma
cells was assessed using Boyden Chamber methods (Tanaka et al., 2003). Com-
pared to the parental or mock-transfected Kato-III cells, invasion potentials
of WISP3(A)9-transfectants were remarkably reduced, as shown in Fig. 6B.
On the other hand, no inhibitory effect was not recognized in the transfectants
with WISP3(A)8 missing both the third and fourth domain.
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WISP3 has been independently reported as a gene LIBC that was lost in
inflammatory breast cancers (van Golen et al., 1999; Kleer et al., 2002), indi-
cating a tumor suppressor function of wild-type WISP3. In addition, frequent
mutations in the WISP3 gene were reported to be associated with autosomal
recessive skeletal disorder progressive pseudorheumatoid dysplasia, character-
ized by unrestrained invasive phenotype of synovial fibroblasts into cartilage
(Hurvitz et al., 1999). A better understanding of the WISP3 function will likely
increase awareness of its importance in the pathological cell invasion. Identi-
fication of such targets of microsatellite instability as well as the functional
alteration should be warranted.

5. CONCLUSION AND PERSPECTIVES

It has been suggested that the different modules of CCNs can function inde-
pendently in different cell types (Perbal, 2004). The oncogenic form of Nov,
isolated from myeloblastomatosis-associated virus-induced nephroblastoma,
had a truncated structure lacking the first module of IGFBP, and capable of
inducing cell transformation in fibroblasts (Fig. 7). In contrast, wild-type Nov
that is negatively regulated by growth factors (Scholz et al., 1996), has suppres-
sor activity for cell growth (Joliot ef al., 1992). Xu et al. reported that WISP1
induced morphological transformation, accelerated cell growth, and enhanced
saturation density in normal rat kidney fibroblasts (Xu et al., 2000), while
the suppression of melanoma growth by a mouse orthologue of WISP1 was
reported (Hashimoto et al., 1998). The fourth module of CK is lost in WISP2
(Pennica et al., 1998) that functions as a secreted protein which positively

Cyr61 l__x_j,_J:L_l—]
crr —T—] I — I

R— e p—
eNov ] I e ——
v-Nov d I ]

WISP1 | i 1 L | 1 1

RS = ——— —

WISP3 [ I 1 1 |

wispy ==

WISP3v | I 1 |  j—

Fig. 7. Schematic structures of CCN family proteins; Cyr61, CTGF, c-Nov (wild-type), v-Nov
(oncogenic), WISP1, WISP2, WISP3, WISP1v and WISP3v.
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regulates osteoblast functions (Kumar et al., 1999). Unlike all other known
CCN proteins, 4 of 10 conserved cysteine residues are not recognized in the
VWC module of WISP3 that is frequently mutated in patients with progressive
pseudorheumatoid dysplasia (Hurvitz et al., 1999).

In our experiments, WISP1v lacking the second module of VWC induced a
striking cellular transformation and a rapid piling-up forms of growth. WISP1v
transfectants enhanced the invasive phenotype of co-cultured carcinoma cells,
while wild-type WISP1 had no such potential. The difference in biological
effects between the WISP1 and WISP1v expressing cells may reflect the abil-
ity of the cells to better process the variant form. Additionally, we identified
a WISP3 mutant lacking both the third THBS and the fourth CK domains
in microsatellite instable cancers. The secreted CCN protein may stimulate
various receptors on the cell surface such as integrin (Lau and Lam, 1999),
LRP (Segarini et al., 2001) and proteoglycans (Desnoyers et al., 2001). Inter-
action with matrix proteins of the cancer stroma have major effects on cellular
function in the context of the malignant phenotype.

Targeting antitumor therapy to stromal elements required for tumor growth
may prove to be an attractive strategy for retarding the growth of solid neo-
plasms, since normal tissue is unlikely to show genetic plasticity that accom-
panies malignant transformation, an event that allows transformed cells to
rapidly acquire resistance to chemotherapeutic agents. Together with the
increased importance of Wnt signaling in human carcinogenesis (Tanaka et al.,
2002b), a better understanding of the CCN contributions will likely increase
our knowledge of the importance of molecules of WISP1v and WISP3v, and
permit identification of therapeutic agents that focus on the CCN signaling as
a target.
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