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Abstract:
CCN5 is a member of the CCN family of proteins. CCN proteins have been implicated
in many important cell processes, such as proliferation, migration, adhesion and
epithelial-mesenchymal transitions. CCN proteins are also involved in physiological
processes, such as embryonic development, angiogenesis, and multiple cancers. In
this review I focus on the unique biology of CCN5 in these processes and consider
future directions for research.
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1. Introduction:
CCN5 is a member of the CCN family of proteins. Six CCN proteins comprise the CCN
family, which are involved in cellular functions such as, proliferation, adhesion, survival.
Through these functions, CCN family members have been implicated in important
physiologic processes, such as embryonic and skeletal development, angiogenesis and
wound healing (Chen & Lau 2009, Holbourn et. al 2009). Disruption of normal CCN
family member signaling has been implicated in multiple types of cancer, emphasizing
the importance of understanding CCN family proteins.

CCN5 History
CCN5 was discovered by several groups in the 1990’s. The first publication including
CCN5 came from our laboratory, where CCN5 was found to be regulated by heparin, an
inhibitor of smooth muscle cell proliferation (Delmolino et al 1997). Through subtractive
hybridization, we compared heparin-treated vascular smooth muscle cells to
chrondroitin sulfate treated VSMC, which is similar to heparin, but lacks its antiproliferative activity. The screen showed 16 upregulated and 25 down regulated genes.
One of the upregulated clones was homologous to members of the CCN family. After
the discovery of CCN5 we investigated the antiproliferative properties and found that
knock down of CCN5 decreased the antiproliferative effect caused by heparin,
indicating a role for CCN5 in heparin signaling (Lake and Castellot 2003).

Later, another group cloned Wnt Inducible Secreted Protein 2 (WISP-2) from the wnt-1
transformed mouse mammary epithelial cell line, C57MG (Pennica et al. 1998). Gene
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expression was analyzed in wnt-1 transformed C57MG through subtractive
hybridization. WISP-2 (CCN5) was overexpressed in the transformed C57MG cells by 5
fold. The CCN5 gene was mapped to human chromosome 20q12-20q13 and was
duplicated up to four times in colon cancer cells. However, the expression of WISP-2
was lower in the colon cancer cells, despite the higher copy number. This data
suggested that WISP-2 was a regulator in colon cancer and possibly others (Pennica et
al. 1998).

CCN5 was also found to be regulated in transformed rat embryonic fibroblasts (REF).
REFs were transformed by over expressing oncogenic H-ras and knockdown of p53.
Gene expression profiles showed a decrease in a gene termed rCOP-1. rCOP-1 was
shown to have 40% homology with the CCN family, but missing the CT domain. This
group also found overexpression of rCOP-1 through a retroviral vector caused the
transformed REFs to undergo apoptosis, but had no effect on normal cells, suggesting a
tumor suppressor role for rCOP-1 (Zhang et al. 1998).

A fourth group identified CCN5 as connective tissue growth factor like protein (CTGF-L)
from primary human osteoblast cells. CTGF-L was found to have significant homology
to the CCN family. Expression was found in osteoblasts, fibroblasts, ovary, testes and
heart tissue. CTGF-L was found to be highly expressed in osteoblasts forming bone,
alkaline phosphatase positive bond marrow cells and chondrocytes. CTGF-L
expression promoted osteoblast adhesion and inhibits integrin binding to fibrinogen.
CTGF-L also inhibited osteocalcin production in the osteoblast like Ros 17/2.8 cell line,
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which is important for bone production. These results indicate that CTGF-L plays an
important role in regulation of bone turnover (Kumar et al. 1999).

Based on the recommendations of the International CCN Society, rCOP-a, CTGF-L and
WISP-2 are now known as CCN5. These studies laid the foundation for nearly 50
publications on CCN5 in the next decade. CCN5 has been found to play an important
role in human development and disease through it’s regulation of important cellular
processes, such as proliferation, migration, matrix modification and adhesion.

CCN5 Structure
The functions of CCN5 are highly dependent on it’s domain structure. CCN proteins all
have a homologous modular structure that dictates function. The structure of CCN3
and 5 has been explored through small X-ray diffraction. These two CCN proteins have
a long modular domain, that appears to act as a scaffold in the ECM. The elongation of
the domains allows for multiple proteins to bind, and thus may modulate signaling
through spatial interactions (Holburn et al 2011). Four domains comprise this CCN
structure (Figure 1): an N-terminal secretion signal, an insulin like growth factor binding
protein (IGFBP), von Willebrand factor type C (VWC), variable hinge region a
thrombospondin 1 (TSP1), and in all but CCN5, a cysteine rich carboxyl terminal repeat
domain (CT) (Bork 1993). The absent CT domain in CCN5 may be important to its
biological function, as the CT domain is involved in binding matrix proteins, integrins
and important signaling molecules (Holbourn et. al 2009). Indeed, domain analysis has
indicated that each domain may serve a distinct function for the protein, and in certain
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cell types there are splice variants that create proteins comprised of the individual CCN
domains (Wei et. al 2010).

In mouse vascular smooth muscle (VSMC), the VWF

domain has been implemented in nuclear localization of CCN5. Disruption of the
nuclear localization signal in the VWF domain using site directed mutagenesis abolishes
nuclear localization of CCN5 (Wiesman et al 2010). The findings described above as
well as domain analysis in other CCN family members implicates and important role for
domains and warrants further study.

Although other domains have not been investigated for CCN5, other CCN family
member proteins have been shown to have domain specific functions. CCN2 has been
shown to induce angiogenesis during breast cancer. Removing the CT domain
abrogates this activity, suggesting CCN5 may negatively regulate angiogenesis, since it
is missing the CT domain (Chein et al 2011). In the retinal angiogenesis model in mice,
the cysteine knot motif in the CT domain of CCN2 bound various angiogenic factors,
such as von Willebrand factor, PDGF and VEGF and induced angiogenesis. Mutant
CCN2 containing no CT domain was injected into the vitreal compartment and
decreased angiogenesis (Pi et al 2012). The inhibitory effect of CT loss on
angiogenesis may implicate CCN5 in negatively regulating angiogenesis. Thus,
antibodies against the CT domain could become candidate for anti-angiogenic
therapies. CCN2 CT domain also has been shown to bind fibronectin through α5β1
integrin and enhanced chrondrocyte adhesion to the extracellular matrix (Hoshijimi et al
2006). CCN5 lacks the CT domain and may play an opposing function in cell adhesion
in chrondrocytes. In CCN2, the VWF and IFGBP domains also bound to the
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extracellular matrix protein, aggrecan, and increased transcription of aggrecan mRNA
(Aoyama et al 2009). Through this research it is clear that the domain structure plays a
role in downstream signaling effects of CCN family members, particularly regarding the
CT domain. CCN5 has many physiologic functions, such as proliferation, migration and
adhesion. Further domain analysis may link functions to locations on the protein, which
will aid in dissecting the CCN5 signaling network (Table 1).

2. Cell Physiology
Proliferation
The function of CCN5 in cell proliferation has been studied in depth in many cell types.
For example, in our lab, we have shown that CCN5 mediates the anti-proliferative
effects of heparin in VSMC through RNAi knockdown of CCN5. VSMC were infected
with RNAi against CCN5 and used for RT-PCR. Results showed a decrease of 77% in
CCN5 transcripts compared to scramble RNAi infected cells (Lake et al 2003 -2). In
addition, over expressing CCN5 inhibits vascular smooth muscle (VSMC) proliferation in
vitro. In the rat carotid artery balloon injury model, CCN5 was expressed in uninjured
tissues, but expression was inhibited following injury and only restored after complete
wound healing, indicating CCN5 suppresses VSMC proliferation during vascular injury
(Lake et al 2003 -1). The inhibitory effect on proliferation has also been found in uterine
smooth muscle. Overexpression of CCN5 via an adenoviral construct decreased
proliferation of both normal human uterine smooth muscle and leiomyoma cells in vitro
by 51% and 29% respectively. Human leiomyoma tissues were found to have
decreased CCN5 expression when compared to healthy uterine tissue, indicating a role
6

for CCN5 in disease progression (Mason et al 2004). CCN5 has also been implicated in
proliferation of other types of tumors. In the estrogen positive invasive breast cancer
cell line, MDA-MB-231, cells over expressing CCN5 via transfection showed less
proliferation than control cells. In addition, in the less invasive breast cancer cell line,
MCF-7, over expressing CCN5 led to a decrease in BrdU labelled cells, indicating
decreased entry to S-phase as a mechanism of decreased proliferation (Fritah et al
2008). CCN5 also plays a role in regulating proliferation in normal cell physiology. In
preadipocytes, overexpression of CCN5 inhibited proliferation by 30% (Inadera et al.
2009). In human umbilical vein endothelial cells, a peptide fragment, TAWGPCSTTCGLGMATRV- corresponding to CCN5’s TSP1 domain was found to
inhibit proliferation by 75% (Karagiannis & Popel 2007).

However, some studies show an opposite effect of CCN5 on cell proliferation. In MCF-7
breast cancer cells, estrogen was shown to upregulate CCN5, consistent with findings
in uterine smooth muscle. However, CCN5 knockdown using anti-sense
oligonucleotides caused a decrease in MCF-7 proliferation, indicating a role for CCN5 in
breast cancer progression (Banerjee et al 2003). Proliferation of MCF-7 cells through
stimulation with epidermal growth factor (EGF) or estrogen also induced CCN5
expression. MCF-7 cells treated with RNAi against CCN5 showed less proliferation
compared to control in response to EGF treatment, indicating CCN5 as a downstream
mediator of EGF signaling (Banerjee et al 2005). Phorbol ester induced proliferation in
MCF-7 cells also was disrupted by RNAi knockdown of CCN5. The proliferative effect
of phorbol esters on MCF-7 cells could be replicated by overexpressing CCN5 mRNA
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(Sengupta et al 2006). Differences in CCN5 impact on cell proliferation may be due to
specific signaling pathways between cell types, or methods used to induce and
measure proliferation (Russo & Castellot 2010). More studies need to be done to fully
understand the biology of CCN5 in cell proliferation between cell types. Our lab has
observed this effect between lung smooth muscle cells and lung epithelial cells. Data
suggests that CCN5 inhibits airway smooth muscle cell proliferation, as with vascular
smooth muscle. However, RNAi knockdown of CCN5 expression in lung epithelial cells
caused an increase in cell proliferation and migration (Castellot lab, unpublished data).
This interesting effect suggests that CCN5 may play a role in epithelial-mesenchymal
transition, and may explain the contrasting effects seen in cancer cells and
mesenchymal tissue.

Migration
CCN5 also can regulate cell migration. Cell migration is an important aspect of many
disease processes, such as cancer, atherosclerosis, uterine fibroids, and asthma.
Aberrant cell migration proceeds metastasis and can lead to increased cancer
aggression. CCN5 has been found to be a invasion suppressor gene in multiple cell
types. Overexpressing CCN5 decreases VSMC motility, invasiveness and expression
of matrix metalloproteinase 2 (MMP-2), a key protein in matrix degradation and cell
invasion (Lake & Castellot 2003). In addition, CCN5 knockdown VSMC showed
increased invasion in a Matrigel transwell assay (Lake et al 2003). CCN5 has also been
shown to inhibit motility in uterine smooth muscle. Overexpressing CCN5 using an
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adenoviral vector inhibited both normal uterine smooth muscle and leiomyoma cell
migration during a scratch wound assay by more than 50% (Mason et al 2004).

Similarly in breast cancer, silencing CCN5 expression in MCF-7 cells increased
expression of MMP-2 and MMP-9 (Banerjee et al 2008). CCN5 expression has been
shown to be correlated with breast cancer aggression. The more invasive breast
cancer cell line, MCF-7, expressed lower levels of CCN5 compared to the less
aggressive cell line, MDA-MB-231 (Fritah et al 2008). Supporting this, RNAi
knockdown of CCN5 in VSMC increased motility during scratch wound assays.
Overexpressing CCN5 in MDA-MB-231 cells decreased invasiveness in a Matrigel
transwell assay by two fold. Motility in scratch wound assays was also inhibited by
CCN5 overexpression.

Knockdown of CCN5 using shRNA in MCF-7 cells increased

invasiveness in transwell assays (Fritah 2008). In MDA-MB-231 breast cancer cells,
CCN5 expression suppressed miR-10b, which is upregulated in breast cancer and
positively regulates cell migration and invasion. Silencing CCN5 upregulates TWIST1,
a miR-10b activator, through activation of hypoxia inducible factor 1 (HIF-1)-JNK
signaling, leading to increased cell invasion (Haque et al 2011). CCN5 also acts as a
tumor suppressor through activation of p53. P53 is a master tumor suppressor gene
and is inactivated in many types of cancer. MCF-7 p53 mutant invasiveness was
abrogated by adding recombinant CCN5 protein. Invasive p53 mutant MCF-7 cells
showed less expression of CCN5 compared to wild type p53 cells, indicating a role for
CCN5 in p53’s function as a tumor suppressor gene (Dhar et al 2008-1). The TSP1
domain of CCN5 has been shown to decrease invasiveness of endothelial cells in vitro,
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indicating again that specific domains of CCN5 have unique functions (Karagiannis and
Popel 2007). However, data from our lab has shown full-length CCN5 expression
inhibits VSMC proliferation and migration, but allows for normal endothelial cell
regeneration in a mouse model for vascular injury (Russo & Castellot 2010). This
suggests that the in vitro result using the isolated TSP1 domain may not reflect the
physiological function of CCN5 in the intact animal. Further studies are needed to
address this issue..

In a study of 122 breast tumor samples, CCN5 was expressed at higher levels in the
moderate and more invasive, groups of tumors (Davies et al. 2007) that have a poor
prognosis. CCN5 appears to behave differently in different tumor types, as in a similar
sample of 94 colorectal cancer tissue samples, CCN5 was down regulated compared to
normal tissue samples (Davies et al. 2010). The opposing role of CCN5 in regulation of
cell migration and invasion may be due to differences in cell signaling in different types
of cancer. These differences must be investigated for CCN5 to be considered for a drug
target in disease.

Adhesion
The role of CCN5 in cell adhesion has not been studied extensively as other members
of the CCN family have. Three different osteoblastic cell lines, primary human
osteoblasts, osteosarcoma MG63 and Ros 17/2.8, all adhered to immobilized CCN5 in
a dose dependent manor. Recent studies in our lab have indicated CCN5 is able to
block the ability of αVβ3 and αIIβ3 integrins to fibrin. Through this mechanism, CCN5
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may regulate podosome adhesion in SMC (unpublished data, Ron Meyers). More
studies are needed to assess the role of CCN5 in adhesion, particularly in the invasive
breast cancer lines in which it controls proliferation and migration.

Epithelial-Mesenchymal Transition
CCN5 is involved in proliferation, migration and adhesion of a variety of cell lines.
These processes are involved in endothelial-mesenchymal transitions (EMT) in which
an epithelial cell gradually loses epithelial characteristics, such as E-cadherin
expression, and takes on a more mesenchymal, or fibroblast like, phenotype. This
switch has been implicated in multiple cancers, particularly during the switch from noninvasive to invasive. In pancreatic cancer cells, CCN5 recombinant protein was able to
induce a mesenchymal to epithelial transition based on expression of the epithelial cell
marker, vitmenin (Dhar et al 2007-2). Furthermore, pancreatic cancer cells displaying
EMT showed no expression of CCN5 (Dhar et al 2007-2). In the poorly differentiated
breast cancer cell line, MDA-MB-231, CCN5 expression correlated with a transcriptional
regulator of breast cell differentiation markers, and more differentiated breast cancer cell
lines showed higher expression of CCN5. In addition, overexpression of CCN5 in
MCF-7 cells created a more differentiated phenotype as measured by morphological
changes and increased expression of cytokeratin, a marker of breast epithelial
differentiation (Fritah et al 2008).

Recently, microarray expression studies in MCF-7 demonstrated CCN5 represses
genes involved in the EMT. Specifically, Sabbah and colleagues found CCN5 is
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recruited to the TGFB receptor II promoter and represses transcription (Sabbah et al
2011). TGFB is important in promoting the EMT in cancer. This data provides a
potential mechanism by which CCN5 prevents EMT and acts as a tumor suppressor. In
the neuroblastoma line, neuro2a, stable transfectants overexpressing CCN5 showed
greater neurite growth and differential compared to control cells (Ohkawa et al 2011).
No other studies have been done concerning CCN5 in the nervous system, but its role
in promoting differentiation is consistent with other cell lines.

However, again, in other cell types, CCN5 seems to have an opposite effect. In
mesechymal stem cells derived human femoral bone marrow, CCN5, as well as CCN1,
2 expression declined during adipocyte differentiation (Shutze et al 2005). Similarly,
CCN5 was shown to be a downstream target of wnt signaling in adipocytes. During
adipocyte differentiation, CCN5 expression declined. However, during de-differentiation
as induced by tumor necrosis factor α did not increase CCN5 expression. During
differentiation in adipocytes, there may be changes to CCN5 DNA to prevent
expression, or the results could be due to differences in signaling pathways in dedifferentiation (Inadera et al 2008). Collectively, CCN5’s role in proliferation, migration
and adhesion modulate the EMT seen in multiple cancer cell lines and during stem cell
differentiation. CCN5’s regulation of these processes emphasizes its role as a tumor
suppressor and warrants further investigation.

3. Cell Signaling
Wnt
12

CCN5 is a Wnt regulated gene (Pennica et al. 1998).

Wnt proteins bind to the cell

surface receptor, frizzled, which inhibits glycogen synthase kinase (GSK-3B) and casein
kinase 1 (CK1). Inhibition of these proteins stabilized the pool of beta catenin in the
cytosol and allows some beta-catenin molecules to translocate to the nucleus. In the
nucleus, B-catenin interacts with the transcription factor TCF/LEF and induces gene
expression. Wnt signaling is important in development and cancer, and can be
overexpressed to give cells oncogenic properties. Overexpressing wnt-1 in C57MG
caused overexpression of CCN5 as well (Pennica et al. 1998). Adenovirus infected
mouse pluripotent progenitor cells, C3H10T1/2, overexpressing Wnt3A showed a 2.5
fold increase in CCN5 expression (Si et al. 2006). Similarly, in synovial fibroblasts, up
regulating wnt signaling through transfection with stable B-catenin caused an increase
in CCN5 transcription. In addition, estrogen was able to enhance CCN5 expression
synergistically with increased wnt signaling (Tanaka et al. 2005).

Physiological activators of the Wnt pathway also have been shown to increase CCN5
expression. During mesenchymal stem cell differentiation, expression of Wnt-3A
induced expression of CCN5 and CCN1 (Si et al 2006). Mechanical loading of bone is
also known to induce the Wnt pathway. MC3T3-E1 cells treated with the GSK-3β
inhibitor and mechanical loading showed a synergistic effect on CCN5 expression,
increasing it 7 fold over control (Robinson et al 2006). The The Hepatitis C viral (HCV)
core protein is known to modulate the Wnt pathway as well. HCV core proteins
increases transcriptional activity induced by Wnt3A, through enhancement of Tcf
dependent transcription and β-catenin stabilization. (Liu et al 2011). HCV core protein
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was overexpressed in the hepatocellular cancer cell line, Huh-7. Microarray expression
analysis showed an increase in Wnt-1 and subsequently CCN5 expression (Fukutomi et
al. 2005). CCN5 protein also increased when Huh-7 cells were infected with Wnt-3A
adenovirus. Cells co-infected with adenoviral Wnt-3A and HCV core protein showed a
1.8 fold increase in CCN5 expression compared to adenoviral Wnt-3a infected cells
alone (Liu et al 2011). Childhood adrenocorticoid tumors (ACT) also involve over
activation of the Wnt signaling pathway.

ACT tissue samples were sampled from 62

patients. Gene expression of CCN5 was increased in ACT samples compared to
normal tissue. In addition, immunohistochemistry staining in ACT tissue slices showed
increased accumulation of CCN5 protein in 82% of samples (Letica et al 2011).
Salivary gland tumor (SGT) progression involves stabilization and nuclear localization of
B-catenin and salivary gland development relies on the Wnt signaling pathway
(Ferrazzo et al 2009, Hai 2011). Microarray analysis of gene expression in SGT derived
cell lines showed a four fold increase in CCN5 expression compared to several other
tumor types. However, CCN5 expression was down regulated compared to normal SG
cells, indicating loss of CCN5 expression may play a role in SGT progression (Kouzu et
al 2006).

CCN5 expression appears to have different effects in depending on the tumor type or
signaling pathway. In SMC and perhaps normal SG, CCN5 acts as a tumor suppressor,
inhibiting cell proliferation, migration and adhesion (Russo & Castellot 2009, Kouzu et al
2006). However, in multiple cancers, CCN5 has been shown to be overexpressed with
Wnt activation and present in greater levels compared to healthy tissue. As proto-
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oncogenes are activated, frequently the cell responds by increasing expression of tumor
suppressor genes, such as p53, which could be the case with overexpression of CCN5
in the Wnt signaling pathway. More research is needed to establish the effects of CCN5
expression in cancer cells.

Small signaling molecules which modulate the Wnt pathway also can induce CCN5
expression. Protein Kinase A (PKA) is an important regulatory protein in the Wnt
pathway. PKA phosphorylates GSK-3β, inactivating it, and allows for stabilization of βcatenin (Suzuki et al 2008). PKA activation has been shown to increase CCN5.
Treatment of MCF-7 cells with the PKA activator, [cholera toxin plus 3-isobutyl-1methylxanthine (CT/IBMX) increased CCN5 expression (Inadera 2003). PKC is a
negative regulator of B-catenin stability, blocking the Wnt signaling pathway (Gwak et al
2006). In MCF-7 cells, the PKC activator 12-O-tetradecanoylphorbol-13-acetate (TPA)
inhibited estrogen induced CCN5 expression, and activators of PKC, such as phorbol
esters, increased CCN5 expression, again implicating CCN5 as a downstream target of
wnt signaling (Inadera 2003, Sengupta et al 2006). The PKA regulatory subunit type
1A is frequently mutated in primary pigmented nodular adrenocorticoid disease
(PPNAD), leading to over activation of PKA. Comparison of a PPNAD cell line to
normal adrenocoricoid cells showed an decrease in miR-449, which targets CCN5,
leading to an overall increase in CCN5 in PPNAD cells. Inhibiting PKA increased
miR-449, and decreased CCN5 expression (Iliopoulos et al 2009).
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In addition to PKA, large tumor suppressors (LAT1/2) can also modulate CCN5
expression. LAT1/2 are implicated in several different types of cancer, including
leukemia, lung, prostate and breast cancers. LAT1/2 regulate key proteins in the Wnt
pathway and have been shown to downregulate CCN5 in Hela cells using a whole
genome microarray (Visser and Yang 2010).

Estrogen
Estrogen signaling was first discovered to modulate CCN5 in estrogen responsive
breast cancer (Banjeree et al 2001, Inadera et al 2000). Since then, estrogen has been
found to synergistically increase the effect of Wnt signaling on CCN5 (Tanaka et al
2005).

In a physiological setting, rheumatoid arthritis fibroblasts isolated from human

synovial tissue overexpressing non-degradable β-catenin (s/d β-catenin) showed
increased CCN5 expression. 17-β-Estradiol treatment with over expression of s/d βcatenin increased CCN5 expression over 13 fold greater than the s/a B-catenin
expressing cells along (Tanaka et al 2005). More research needs to be done to
completely understand the relationship between estrogen, Wnt and CCN5.

However, the relationship between CCN5 and estrogen alone has been researched
extensively. The effect of estrogen on CCN5 primarily is attributed to ER-α signaling.
ER negative breast cancer epithelium cells overexpressing ER-α induced CCN5
expression after overexpression of ER-α. In addition, estrogen signaling increased both
CCN5 expression and protein levels in MCF-7 cells, which could be abrogated by antisense oligonucleotides against ER-α (Banjeree et al 2003). In vivo, 17β-estradiol has
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to induce tumor formation in athymic nude mice in xenographs. During solid tumor
formation, CCN5 was increased in MCF-7 tumors. The partial ER-α antagonist,
tamoxifen, inhibited tumor growth and CCN5 expression, implicating CCN5 in the
mechanism of tumor formation (Ray et al. 2006). However, tamoxifen has been shown
to be a partial agonist/antagonist for ER-α and a complete antagonist for ER-β. This
leaves room for study of ER-β in the mechanism of estradiol regulation of CCN5
expression.

Estrogen has been shown to regulate CCN5 transcription in MCF-7 cells through an
estrogen responsive element between -581 and -569 upstream of the estrogen
inducible transcription start site (Fritah et al 2006). Estradiol increased CCN5 reporter
gene expression, and this effect could be abrogated by anti-estrogens ICI-182-780 and
4-hydroxytamoxifaen. Chromatin immunoprecipitation showed an estradiol dependent
recruitment of ER-A to the estrogen responsive element. CREB binding protein was
also found to translocate to the estrogen responsive element in CCN5 (Fritah et al
2006). This data suggests a ER-α and CREB dependent mechanism for CCN5
expression in MCF-7 cells. ER-α has been shown to interact with the transcription cofactors CLIM and RLIM, which regulate the LIM-homeodomain transcription factors
(Johnsen et al 2009). Silencing CLIM or RLIM with siRNA in MCF-7 cells decreased
estrogen induced expression of CCN5. In addition, treatment with estrogen induced
RLIM and CLIM recruitment to the CCN5 promoter, indicating a direct role for these
transcription factors in CCN5 expression (Johnsen et al 2009). Estrogen may also help
to stabilize CCN5 mRNA. Estrogen induced expression of CCN5 in MCF-7 cells is
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accomplished through both transcriptional activation and transcript stabilization
(Banjeree et al 2003).

Cross talk between the estrogen and CCN5 signal transduction pathways has been
investigated as well. Estrogen signaling can be modified by protein kinase A/C activity.
CCN5 expression was increased following treatment with CT/BMX and TPA alone.
Treatment with CT/BMX with estrogen stimulated greater expression than estrogen
alone, indicating a positive regulatory effect of PKC on CCN5 expression. Treatment
with PKA inhibited estrogen induced expression of CCN5, where as TPA enhanced
another estrogen responsive gene, pS2. This data suggests differences in estrogen
regulation of CCN5 compared to other estrogen responsive genes (Inadera 2003).

Epidermal growth factor also interacts with the estrogen signaling pathway. Activation
of EGFR can lead to further activation of ER in a non-estrogen dependent pathway
(Levin et al 2003). EGF signaling leads to an increase in proliferation of MCF-7 breast
cancer cells, but this can be abrogated by silencing CCN5. In addition, EGF induced
CCN5 expression in a dose dependent manor that increased synergistically with
addition of estrogen in MCF-7 cells. Silencing or inhibiting EGFR, inhibiting P13K with
wortmainin, or inhibiting ERs with ICI-182-780 all inhibited EGF induced expression of
CCN5 (Banerjee et al 2005). The IGF pathways also activates ER through
phosphorylation in a non- estrogen dependent manor. Estrogen signaling can also
activate the IGF pathway, leading to bi-directional crosstalk (Batella et al 2012). In
MCF-7 cells, IGF is a potent mitogen and treatment with IGF increased CCN5

18

expression. SiRNA knockdown of CCN5 abrogated the mitogen effect of IGF. This IGF
induced CCN5 expression is also regulated by estrogen. The pure anti-estrogen,
ICI-182,780 inhibited the IGF induced expression of CCN5 as well as proliferation,
implicating membrane ERs as a participant in this signaling pathway (Dhar et al 2007).
Tip30 is a putative tumor suppressor transcription factor, which negatively regulates
estrogen induced transcription of c-myc, a potent proto-oncogene (Jiang et al 2004).
Tip-30 also negative regulates IGF and CCN5 expression, possibly through repression
of ER-α transcription. Tip30 knock out in mammary epithelial cells promotes
proliferation and immortalization. Knock down of either CCN5 or IGF-1 inhibited this
effect (Pecha et al 2007). This data suggests Tip30 may regulate breast cancer
progression through estrogen signaling and ultimately CCN5 and IGF-1 expression.

Progesterone also regulates CCN5 expression. In MCF-7 cells progesterone treatment
caused a transient increase in CCN5 mRNA which could be clocked by the
progesterone antagonist RU38468. However, when treated with progesterone and
estrogen in combination, progesterone inhibited CCN5 expression (Banerjee et al
2003). Estrogen and progesterone are important regulators of uterine smooth muscle.
Our lab has extensively investigated CCN5 signaling in uterine smooth muscle and
demonstrated its regulation by estrogen and progesterone. During the proestrous
phase of the reproductive cycle, estrogen levels are high and CCN5 is expressed five
fold higher than in metestrous females, which express low levels of estrogen (Mason et
al 2004). Estrogen and progesterone treatment increased CCN5 expression in uterine
smooth muscle from OVX rats. Interestingly, estrogen plus progesterone treatment
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increased CCN5 expression greater than either treatment alone (Mason et al 2004).
CCN5 signaling appears to be highly dependent on the cell type and pathology of the
tissue. For example, CCN5 expression in relation to progesterone differs between
uterine smooth muscle and the MCF-7 breast cancer line. Additionally, in uterine
smooth muscle, CCN5 has anti-proliferative effects, whereas in breast cancer, CCN5
appears to act as a mitogen. In both lines, CCN5 is induced by estrogen. In cancer
cells, it is possible that signaling pathways have been changed and thus alter CCN5
expression. Investigation into CCN5 signaling and physiological effects will be needed
to establish possible treatments involving CCN5.

Transforming Growth Factor-β
Transforming growth factor β (TGFβ) is an important cytokine implicated in cancer
progression, angiogenesis, as well as cellular functions such as survival, migration, and
proliferation. In mouse osteoblasts, TGFβ-1 increased CCN5 expression and protein
level in a time dependent manor (Parisi et al 2007). Kallikrein-related peptidase 12
(KLK12) is a serine protease implicated in multiple aspects of cancer progression and
has been shown to cleave latent TGFβ to its active form. Through a degradomic
approach, KLK12 was shown to target CCN5 for proteolysis through the TSP domain,
and in turn increase release of TGF-β, FGF-2, VEGF, and BMP2. In vitro CCN5 bound
TGFβ-1 and cleavage by KLK12 decreased TGFβ-1 binding, releasing active TGFβ-1 .
In human umbilical endothelial cells (HUVECs), survival after serum starvation was
decreased by addition of KLK12 cleaved CCN5 compared to addition of full length
CCN5, indicating different roles for full length or cleaved CCN5 (Guillon-Munos et al
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2011). This is in agreement with data from our lab in VSMC, showing different variants
of CCN5 may have different functions in vivo (Wei et al 2009). KLK12 may mediate
processing of CCN5 to individual domain fragments through proteolysis, which may
have different functions on cell physiology (Guillon-Munos et al 2011). CCN5 has been
found to promote osteocyte differentiation through matrix deposition later temporally in
osteoblast development. This signaling was mediated by increased phosphorylation of
Smad 1/3/8 as well as members of the MAPK family (Kawaki et al 2011). CCN5
signaling through Smads to promote osteocyte differentiation shows yet another link
between the CCN5 and TGFb pathways.

TGFβ-1 has also been linked to CCN5 in a physiologic setting. Liver biopsies from
patients with HVC induced fibrosis were sectioned and stained for TGFβ-1 and CCN5.
Synthesis of TGFβ-1 was increased during liver injury, followed by an increase in CCN5
production, according to the degree of fibrosis (Tache et al 2011). HVC core proteins
have also been shown to increase CCN5 expression through the wnt pathway,
indicating possible cross talk between TGFβ, CCN5 and wnt in hepatitis (Tache et al
2011, Lui et al 2011, Fukutomi et al. 2005).

CCN5 also regulates TGFβ, creating a bi-directional cross talk between the pathways.
Recently, our lab has shown that CCN5 localizes to the nucleus in VSMC, although the
function of nuclear localization was unknown (Weisman et al 2010). Sabbah and
colleagues investigated the nuclear localization and function of CCN5 in breast
carcinoma. Using MCF-7 cells, CCN5 was shown to localize to the nucleus using
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immunofluorescence and subcellular fractionation. Tissue sections taken from breast
cancer patients also showed CCN5 expression in the nuclei. Domain analysis showed
several possible DNA binding domains in CCN5 in all three structural domains and the
signal sequence. Silencing CCN5 in MCF-7 cells created an increase in TGFβ signaling
and TGFβ expression, and CCN5 expression repressed TGFβ signaling through binding
to the TGFβ promoter in combination with the histone deaceteylase, HDAC (Sabbah et
al 2011). Here, CCN5 is acting as a tumor suppressor, repressing the TGFβ pathway
that promotes EMT in breast cancer cells. These findings are in agreement with the
existing data regarding CCN5’s control of EMT in cancer cells. However, repression of
EMT is considered a tumor supressor function. Yet in the Wnt signaling pathway in the
same types of cells, CCN5 appears to function as a proto-oncogene, promoting cell
growth and proliferation. The biphasic nature of CCN5 seems to depend on the
signaling pathway in question and the upstream activation. The upstream control and
downstream targets of CCN5 are a complex network (Figure 2). More research into the
cross talk between signaling pathways is needed to fully elucidate the role of CCN5 in
cancer.

4. Development
The role of CCN5 in development has been investigated in both adult and fetal tissue.
CCN5 knockout or CCN5 overexpressing mice die before the gastrulation stage and do
not implant properly into the uterus. This data suggests a crucial role for CCN5 in
embryonic development (Russo & Castellot 2010). The lethality of CCN5 transgenic
mice has made the study of development difficult. In the future, research will need
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conditional knockouts or heterozygous mice to investigate the role of CCN5 in
development. Despite these challenges, CCN5 expression in embryonic and adult
tissues (Gray et al 2007, Jones et al 2007).

CCN5 is expressed early in development in most embryonic tissues, with expression
becoming increasingly restricted throughout development in the mouse. CCN5 is
expressed in tissues of all three germ layers, ecto, endo and mesoderm. Embryonic
organs showed expression of CCN5 through immunohistochemistry from developmental
stage E9-E12. After E12 the expression of CCN5 became tissue specific. CCN5 is
expressed in the endothelium and smooth muscle of arteries and veins, which is
consistent with the biological activity of CCN5 found in VSMC in vitro and in vivo. CCN5
is also expressed the the heart, which has yet to be investigated on a cellular level.
Human embryonic tissue sections also showed CCN5 expression in the myocardium,
endothelium and smooth muscle of arteries and veins. CCN5 is also expressed in the
mouse in GD14 and GD16 in the bronchial epithelium and mesenchymal cells. In the
human fetal lung, CCN5 was expressed at low, but uniform levels at 5 months of
development. The mouse musculoskeletal system also expressed CCN5 beginning at
G14 in chrondrocytes during ossification. However, the hyaline cartilage in the resting
zones did not express CCN5, suggesting a role for CCN5 in cell proliferation during
bone formation (Jones et al 2007). This is consistent with findings at the cellular level,
which found CCN5 expression during osteocyte proliferation (Kumar et al. 1999).
However, in human fetal tissue, CCN5 expression was found at low levels at the cellular
levels and was not expressed at all in osteocytes or osteoclasts (Jones et al 2007). The
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intestinal epithelium of the mouse highly expressed CCN5 at day E12 and gradually
was reduced to low levels by G16. In intestinal smooth muscle, CCN5 was expressed
at low levels during E12, moderate levels in GD14 and intermediate levels in GD16.

Overall, it is clear that CCN5 has an important role in development in many types of
tissue in both the embryo and adult. CCN5 expression patterns change over time, and
thus could be a source for deregulation in adult pathology.

5. Pathophysiology
Angiogenesis
Due to the signaling pathways involved in CCN5 function, it is possible that CCN5 plays
a role in angiogenesis. Other CCN family members, specifically CCN2, have been
shown to play a key role in developmental and pathologic angiogenesis. Diabetic
retinopathy is one pathology of deregulated angiogenesis, and retinal angiogenesis is
an important model for studying angiogenesis. In the retinal vasculature of neonate
mice, CCN2 overexpression was shown to promote vascular growth and repair through
migration of endothelial cells, pericytes, and astrocytes. Endothelial cells and pericytes
were found to be the main sources of CCN2 during angiogenesis (Pi et al 2011). CCN2
has also been shown to induce angiogenesis in both normal retinal development,
ischemia induced angiogenesis and during lung cancer (Pi et al 2012). Interestingly,
CCN2 induces angiogenesis during breast carcinoma, but this activity is abolished by
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deleting the CT domain (Chien et al 2011). This suggests that CCN5, lacking the CT
domain, may negatively regulate angiogenesis. CCN5 localized around blood vessels
in human epidermal tissue, and is significantly down regulated during wound healing,
which is highly dependent on angiogenesis (Rittié et al 2011). This also suggests a
negative role for CCN5 in controlling angiogenesis. CCN5 has been shown to have
divergent roles in tumor genesis depending on the signaling pathway and cell type in
question, and appears to have oncogenic properties in multiple types of cancer. The
possible negative regulation of angiogenesis is yet another factor in the dichotomy of
CCN5.

Due to the inhibitory effect of CCN5 on smooth muscle proliferation, and the role of
other CCN5 family members in angiogenesis, and CCN5 localization to the nucleus, I
thought it may be possible for CCN5 to regulate transcription of angiogenic factors in
VSMC. If CCN5 inhibits VSMC proliferation, it is possible that it also regulates the
overall contractile phenotype, which has been known to mechanically and chemically
alter endothelial cell proliferation. Microarray data from our lab suggests that CCN5
may regulate important proteins in angiogenesis, such as VEGF or the Ang/Tie proteins
in VSMC. Angiogenesis is an important factor for multiple physiologic processes, such
as vascular development, wound healing, tumor growth, and diabetic retinopathy, and
should be investigated in the context of CCN5 signaling.

Cancer
Breast Cancer:
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Much research has implicated CCN5 in breast cancer progression. Although CCN5
acts as an inhibitor of proliferation in smooth muscle, in multiple breast cancers CCN5
induces proliferation, migration and is correlated with poor prognosis (Banerjee et al.
2008, Banerjee et al. 2003, Davies et al. 2007). CCN5 transcripts were analyzed from
normal human breast tissue and breast tumors. CCN5 expression was low in normal
breast tissue but showed increased expression in the breast tumors. Furthermore,
CCN5 was positively correlated with aggressiveness and negatively correlated with
patient outcome (Davies et al. 2007). However, Banjeree (2008) found that CCN5
expression was biphasic, with low CCN5 expression in healthy tissues, increased
expression in non-invasive breast cancers, and then decreased expression in poorly
differentiated, invasive tumors. Again, the paradoxical effects of CCN5 may be due to
differences in tumor type, or the specific signaling pathways that are altered, as
described in the CCN5 signaling pathways above.

Skin Cancer:
CCN5 is highly expressed in both epidermal and dermal human epithelium (Quan et al
2009). CCN5 is expressed primarily in epithelial keratinocytes, and in the dermis, it is
secreted by fibroblasts, blood cells, hair follicles and sweat glands (Rittié et al 2011).
During treatment of human skin with UV light, CCN5 was down regulated by 50%, 24
hours after exposure. CCN5 protein levels were also down regulated during wound
healing of human forearm epidermal tissue by 80% (Rittié et al 2011). CCN5’s
antiproliferative activity may be inhibited during UV exposure or wound healing, leading
to the hyper proliferative effects seen in both conditions (Quan et al 2009, Rittié et al
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2011). However, CCN5 acts as a tumor suppressor or proto-oncogene depending on
the cell type and signaling pathway. It could be that CCN5 acts a proliferative factor in
epithelial cancer, and the DNA damage response is inactivating it as a mechanism of
halting cell cycle progression. More functional studies on CCN5 during epithelial cancer
is needed to answer these questions.

Pancreatic Adenocarcinoma, Hepatocellular Carcinoma, and Colon Carcinoma:
Pancreatic carcinoma shows significantly decreased levels of CCN5 compared to
normal tissue (Dhar et al 2007). CCN5 loss was associated with loss of p53, and
recombinant CCN5 decreased markers of mesechymal transition. CCN5 is important in
development and is known to control differentiation in multiple cell types. Here, CCN5
decreases mesenchymal markers, further implicating it in controlling EMT during
carcinoma. During hepatocellular carcinoma, CCN5 had the opposite effect of
increasing cell proliferation through activation of the wnt pathway in heptocytes treated
with Hepatitis C viral core proteins. The wnt pathway is also altered in colon cancer.
CCN5 DNA was amplified in colon carcinoma, but transcript levels were decreased
compared to healthy colon tissue (Pennica et al 1998). Again, this emphasizes the
differential role for CCN5 in different cell types.

Smooth Muscle
Uterine Smooth Muscle:
Human leiomyomas are benign neoplastic growths that occur in the smooth muscle of
the uterus. Although they are benign, leiomyoma causes serious problems in women’s
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reproductive health, and currently surgery is the only option for treatment. CCN5 is
down regulated in human leiomyoma tissue compared to surrounding normal tissue
(Mason et al 2004). Recently data from our lab has shown CCN5 inhibits the ability of
human organiods and rat tsc1 mutant cells to form fibroid like tumors in NOD-SCID
mice (unpublished data, Castellot lab).

Vascular Smooth Muscle:
Pathologies of VSMC are a significant contributor to cardiovascular disease. Arterial
restenosis and atherosclerosis are both diseases involving increased VSMC
proliferation, which leads to vessel occlusion. In a rat model of restenosis, CCN5
expression is down regulated after injury, similar to the down regulation of CCN5 during
wound healing (Lake et al 2003, Rittié et al 2011). These data suggest that CCN5 has
an anti-proliferative effect in VSMC and epithelial tissue, and this activity is decreased
during both normal and pathologic functions. During a rat carotid injury model, CCN5
overexpression inhibited proliferation, motility and neointima invasion. These effects
were also seen in culture of primary VSMC (Lake & Castellot 2003). Endothelial cells
were not effected by CCN5 overexpression in VSMC. This specificity for VSMC may be
helpful in designing therapeutics for the excessive proliferation observed in restenosis
and atherosclerosis without damaging the endothelium.

Airway Smooth Muscle:
Airway remodeling during asthma is a major contributor to irreversible changes in the
lung during chronic asthma. Airway remodeling depends on the proliferation and
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migration of airway smooth muscle cells (ASMC), which restrict the bronchioles.
Although there are treatments for asthma that prevent symptoms, there are currently
few treatments available for the permanent damage caused by airway remodeling. In
preliminary data from our lab, we have shown that CCN5 inhibits proliferation and
motility of human and mouse airway ASMC. Other CCN family members have also
shown to play a role in airway remodeling. CCN6 induced proliferation of lung
fibroblasts through integrin β1 during pulmonary fibrosis (Batmukh et al 2011). This
indicates that CCN5 and other CCN family members may play opposing role in airway
remodeling and fibrosis. As CCN5 lacks the CT domain, it is possible that this and other
contradicting functions between CCN family members are due to the CT domain.

6. Conclusion
CCN5, like its other family members, is an important protein in many pathological and
physiologic processes. CCN5 has a clear role in development, cancer, epithelial
response to UV, and smooth muscle remodeling. CCN5 may also be involved in other
pathologies such as wound healing or angiogenesis during tumor growth. Many tools
have been developed to study CCN5, such as RNAi, constructs for over expression or
knock down, as well as antibodies against specific domains (Wei et al 2009). During my
project I also looked at the function of individual domains in CCN5’s physiologic effects.
Our lab has developed adenoviral vectors expressing all combinations of CCN5
domains plus the CT domain. Further investigation into domain specific function may
yield therapeutic targets. An additional step towards understanding CCN5 will be
creating recombinant CCN5 which can be added extracellularly to cells and tissue.
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CCN5 interaction with growth factors, ECM components and proteases and may
facilitate cross talk by acting as a scaffold protein. Further study of these interactions
and the interactions between CCN family members themselves will reveal important
information about the CCN5 signaling network. Although much research has been
done, it is clear there are still many areas open for investigation. CCN5 is important in
many physiologic processes and further investigation may yield new drug therapies for
the many functions of CCN5.
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Figure 1. CCN5 family member structure
The following figure depicts the domains of the six CCN family member proteins. Four
domains comprise this CCN structure: an N-terminal secretion signal, an insulin like
growth factor binding protein (IGFBP), von Willebrand factor type C (VWC), variable
hinge region a thrombospondin 1 (TSP1), and in all but CCN5, a cysteine rich carboxyl
terminal repeat domain (CT). The absent CT domain in CCN5 may be important to its
biological function, as the CT domain is involved in binding matrix proteins, integrins
and important signaling molecules.
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Table 1. CCN family member domain analysis
The following table summarizes the known functions of domains in the CCN family in
multiple cell types. The CT domain has been implicated in cell migration, proliferation
and adhesion. Interestingly, CCN5 lacks this domain and may have opposite effects in
some cell types. No analysis has been done thus far on CCN1, 4, and 6, leaving open
areas for research.

CCN family member

Domain

Function

Citation

CCN2
3T3

CT

+ proliferation

Brigstock et al 1997

Fibroblasts

CT

+ proliferation

Grotendorst &
Duncan 2005

Chrondrocyte

CT

binds fibronectin/
integrin α5β1
+ adhesion

Hoshijimi et al 2006

MCF-7

CT

+ angiogenesis

Chien et al 2011

Retinal model of
angiogenesis

CT

+ angiogenesis
binds VEGF

Pi et al 2012

In vitro

CT, TSP

binds VEGF

Holbourn et al 2011

Chrondrocyte

VWF, IFGBP

bind aggrecan
+ aggrecan
transcription

Aoyama et al 2009

Myofibroblast

N-Term

+ differentiation
+ collagen
secretion

Grotendorst &
Duncan 2005

CCN 3
32

CCN family member

Domain

Function

Citation

Mesenchymal stem
cells

CT

- differentiation

Bohlig et al 2008

Glioblastoma 59

CT

cytoplasmic
localization

Planque et al 2006

VSMC

VWF

nuclear localization

Weissman et al
2010

HUVECs

TSP

cleavage by KLK12
and release of
active TGFβ

Guillon-Munos et al
2011

CCN5
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Figure 2. CCN5 Signaling in Cancer
CCN5 has been shown to have different signaling patterns in different cell types. This
figure summarizes the cell signaling literature from cancer cell lines, primarily MCF-7
cells, but also including PPNAD, mouse mammary epithelia, and HUVECs. Signaling
may be different in mesenchymal cells, as in cancer and epithelial tissue CCN5 appears
to have a positive effect on proliferation and function as a proto-oncogene, and in
mesenchymal cells CCN5 induces growth arrest. Table 2 summarizes the studies that
contributed the the CCN5 signaling diagram.
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Table 2. CCN Signaling in Mesenchymal, Cancer, and Epithelial Cells
The following table summarizes the known signaling pathways of CCN5 in
mesenchymal, cancer and epithelial cells. Studies highlighted in white were included in
the signaling diagram in Figure 2. Studies highlighted in light gray were not included in
Figure 2. Estrogen, activators of the wnt pathway, HCV core proteins were all shown to
increase CCN5 expression in multiple cell types. In addition, multiple cancer biopsies
showed increased expression of CCN5. This is contrary to the growth arrest effects
seen in mesenchymal cells. More studies are needed to elucidate the differences in
signaling pathways of CCN5 in epithelial, mesenchymal and cancer cells.

Cell Type

Signaling

Effect

Citation

Mesenchymal Cells
CH3H 10T1/2

over express
Wnt3a

increase in CCN5
expression

Si et al
2006

Synovial Fibroblasts

over express
stable β-catenin

increase in CCN5
expression

Tanaka et
al 2005

over express
stable β-catenin
plus estrogen

greater increase in CCN5
expression compared to βcatenin alone

Tanaka et
al 2005

mechanical
loading of bone

increase in CCN5
expression

Robinson
et al 2006

mechanical
loading of bone
plus GSK3β
inhibitor

increase in CCN5
expression

Robinson
et al 2006

Mesenchymal stem
cells
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Cell Type

Signaling

Effect

Citation

Rhematoid Arthritis
Fibroblasts

over express
stable β-catenin

increase in CCN5
expression

Tanaka et
al 2005

Mouse osteoblast

differentiation in
culture through
ascorbate
treatment

increase in CCN5
expression

Kawaki et
al 2011

Uterine smooth muscle

estrogen and
progesterone
alone or in
combination

increase in CCN5
expression

Mason et
al 2004

overexpression
of HCV core
proteins

increase in CCN5
expression

Lui et al
2011

Wnt3a plus HCV
overexpression

greater increase in CCN5
expression than either
alone

Lui et al
2011

overexpression
of HCV core
proteins

increase in CCN5
expression

Fukutomi
et al 2005

MCF-7

CT/IBMX (PKA
activator)

increase in CCN5
expression

Inadera
2003

MCF-7

TPA (PKA
activator)

increase in CCN5
expression

Sengupta
et al 2006

phorbol ester
(PKA activator)

increase in CCN5
expression

Inadera
2003,
Sengupta
et al 2006

Hepatic Cells
Huh-7

Huh-7

Breast Cancer
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Cell Type

Signaling

Effect

Citation

siRNA against
ERα

decreased CCN5
expression

Banjeree
et al 2003

estradiol
treatment

increase in CCN5
expression

Banjeree
et al 2003

MCF-7

tamoxifen

decreased CCN5
expression

Ray et al
2006

MCF-7

estradiol
treatment

increased in CCN5
expression specifically
through ERE at -581 and
-569 upstream

Fritah et
al 2006

MCF-7

ICI-182-780

decreased CCN5
expression

Fritah et
al 2006

MCF-7

siRNA against
CLIM or RLIM

decreased estrogen
induced expression of
CCN5

Johnsen
et al 2009

MCF-7

estradiol
treatment

induced recruitment of
CLIM and RLIM to CCN5
promoter and increased
transcription

Johnsen
et al 2009

MCF-7

estradiol
treatment

increased CCN5 mRNA
through stabilization

Banjeree
et al 2003

MCF-7

EGF treatment

increase in CCN5
expression

Banjeree
et al 2005

MCF-7

Wortmanin
treatment

decreased EGF induced
CCN5 expression

Banjeree
et al 2005

MCF-7

ICI-182-780

decreased EGF induced
CCN5 expression

Banjeree
et al 2005

MCF-7
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Cell Type

Signaling

Effect

Citation

MCF-7

siRNA against
EGFR

decreased EGF induced
CCN5 expression

Banjeree
et al 2005

MCF-7

IGF treatment

increase in CCN5
expression

Dhar et al
2007

MCF-7

Progesterone

increase in CCN5
expression

Banjeree
et al 2003

RU38468
(progesterone
antagonist)

decrease in CCN5
expression compared to
other tumors

Banjeree
et al 2003

MCF-7

CCN5
expression

decreased TGFβ signaling
through CCN5 binding to
the promoter in conjunction
with HDAC1

Sabbah et
al 2011

HeLa

LAT1/2 siRNA

increase in CCN5
expression

Visser &
Yang
2010

Human ACT samples

primary tumor
samples

increase in CCN5
expression compared to
normal tissue

Letica et
al 2011

Human SGT samples

primary tumor
samples

increase in CCN5
expression compared to
other tumors

Kouzo et
al 2006

primary tumor
samples

decrease in CCN5
expression compared to
other tumors

Kouzo et
al 2006

H89 (PKA
inhibitor)

increased miR-449 and
decreased CCN5
expression

Iliopoulos
et al 2009

Other Cancers

PPNAD cells

Epithelial/Endothelial
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Cell Type

Signaling

Effect

Mouse mammary tissue

Tip30 deletion

increase in CCN5
expression

HUVEC

KLK12 treatment increased active TGFβ-1
release through CCN5
cleavage

Citation
Pecha et
al 2007
GuillionMunos et
al 2011

39

Bibliography

1. Aoyama E, Hattori T, Hoshijima M, Araki D, Nishida T, Kubota S, and Takigawa M
(2009). N-terminal domains of CCN family 2/connective tissue growth factor bind to
aggrecan. Biochem J. 420 (3): 413-20.
2. Banerjee S, Dhar G, Haque I, Kambhampati S, Mehta S, Sengupta K, Tawfik O,
Phillips Ta, and Banerjee Sk (2008). CCN5/WISP-2 expression in breast
adenocarcinoma is associated with less frequent progression of the disease and
suppresses the invasive phenotypes of tumor cells. Cancer Res. 68 (18): 7606-12.
3. Banjeree S, Sengupta K, Saxena, NK, Dhar K, Banjeree SK. (2005). Epidermal
growth factor induces WISP-2/CCN5 expression in estrogen receptor-alpha-positive
breast tumor cells through multiple molecular cross-talks. Mol Cancer Research.
3(3): 151-62.
4. Banerjee S, Saxena N, Sengupta K, Tawfik O, Mayo Ms, and Banerjee Sk (2003).
WISP-2 gene in human breast cancer: estrogen and progesterone inducible
expression and regulation of tumor cell proliferation. Neoplasia. 5(1): 63-73.
5. Barkhem T, Carlsson B, Nilsson Y, Enmark E, Gustafsson Jå, and Nilsson S (1998).
Differential response of estrogen receptor α and estrogen receptor β to partial
estrogen agonists/antagonists. Molecular Pharmacology. 54(1): 105-112.
6. Bartella V, Marco Pd, Malaguarnera R, Belfiore A, and Maggiolini M (2012). New
advances on the functional cross-talk between insulin-like growth factor-I and
estrogen signaling in cancer. Cellular Signaling. 24(8): 1515-21.

40

7. Bohlig L, Metzger R, Rother K, Till H, and Engeland K (2008). The CCN3 gene
coding for an extracellular adhesion-related protein is transcriptionally activated by
the p53 tumor suppressor. Cell Cycle. 7(9): 1254-1261.
8. Bork P (1993). The modular architecture of a new family of growth regulators related
to connective tissue growth factor. FEBS Letters. 327(2): 125-30.
9. Chen C.C, and Lau Lf (2009). Functions and mechanisms of action of CCN
matricellular proteins. Int J Biochem & Cell Biol. 41(4): 771-83.
10. Chien W, O'kelly J, Lu D, Leiter A, Sohn J, Yin D, Karlan B, Vadgama J, Lyons Km,
and Koeffler Hp (2011). Expression of connective tissue growth factor (CTGF/CCN2)
in breast cancer cells is associated with increased migration and angiogenesis. Int J
Oncology. 36(6): 1741-7.
11. Davies Sr, Davies Ml, Sanders A, Parr C, Torkington J, and Jiang Wg (2010).
Differential expression of the CCN family member WISP-1, WISP-2 and WISP-3 in
human colorectal cancer and the prognostic implications. Int Journal of Oncology.
36(5): 1129-36.
12. Davies Sr, Watkins G, Mansel Re, and Jiang Wg (2007). Differential expression and
prognostic implications of the CCN family members WISP-1, WISP-2, and WISP-3 in
human breast cancer. Annals of Surgical Oncology. 14(6): 1909-18.
13. Ferrazzo Kl, Neto Mm, Dos Santos E, Dos Santos Pinto D, and De Sousa Som
(2009). Differential expression of galectin-3, β-catenin, and cyclin D1 in adenoid
cystic carcinoma and polymorphous low-grade adenocarcinoma of salivary glands.
Journal of Oral Pathology & Medicine. 38(9): 701-7.

41

14. Fritah A, Redeuilh G, and Sabbah M (2006). Molecular cloning and characterization
of the human WISP-2/CCN5 gene promoter reveal its upregulation by oestrogens.
Journal of endocrinology. 191(3): 613-24.
15. Fritah A, Saucier C, De Wever O, Bracke M, Bièche I, Lidereau R, Gespach C,
Drouot S, Redeuilh G, and Sabbah M (2008). Role of WISP-2/CCN5 in the
maintenance of a differentiated and noninvasive phenotype in human breast cancer
cells. In Molecular and Cellular Biology. 28(3): 1114-23.
16. Fukutomi T, Zhou Y, Kawai S, Eguchi H, Wands Jr, and Li J (2005). Hepatitis C virus
core protein stimulates hepatocyte growth: correlation with upregulation of wnt-1
expression. Hepatology. 41(5): 1096-105.
17. Grotendorst Gr (2005). Individual domains of connective tissue growth factor
regulate fibroblast proliferation and myofibroblast differentiation. The FASEB
Journal. 19(7): 729-38.
18. Guillon-Munos A, Oikonomopoulou K, Michel N, Smith Cr, Petit-Courty A, Canepa S,
Reverdiau P, Heuze-Vourc'h N, Diamandis Ep, and Courty Y (2011). Kallikreinrelated Peptidase 12 Hydrolyzes Matricellular Proteins of the CCN Family and
Modifies Interactions of CCN1 and CCN5 with Growth Factors. Journal of Biological
Chemistry. 286(29): 25505-18.
19. Gwak J, Cho M, Gong S-J, Won J, Kim D-E, Kim E-Y, Lee Ss, Kim M, Kim Tk, Shin
J-G, et al. (2006). Protein-kinase-C-mediated -catenin phosphorylation negatively
regulates the Wnt/ -catenin pathway. Journal of Cell Science. 119(22): 4702-9.

42

20. Hai B, Yang Z, Millar Se, Choi Ys, Taketo Mm, Nagy A, and Liu F (2010). Wnt/βcatenin signaling regulates postnatal development and regeneration of the salivary
gland. Stem Cells & Development. 19(11): 1793-801.
21. Haque I, Banerjee S, Mehta S, De A, Majumder M, Mayo Ms, Kambhampati S,
Campbell Dr, and Banerjee Sk (2011). Cysteine-rich 61-Connective Tissue Growth
Factor-nephroblastoma-overexpressed 5 (CCN5)/Wnt-1-induced Signaling Protein-2
(WISP-2) Regulates MicroRNA-10b via Hypoxia-inducible Factor-1 -TWIST
Signaling Networks in Human Breast Cancer Cells. Journal of Biological Chemistry.
286(50): 43475-85.
22. Holbourn KP, Malfois M, and Acharya Kr (2011). First Structural Glimpse of CCN3
and CCN5 Multifunctional Signaling Regulators Elucidated by Small Angle X-ray
Scattering. Journal of Biological Chemistry. 286(25): 22243-49.
23. Holbourn KP, Perbal B, Acharya RK. (2009). Proteins on the catwalk: modelling the
structural domains of the CCN family of proteins. Journal of cell communication and
signaling. 3(1): 25-41
24. Hoshijima M, Hattori T, Inoue M, Araki D, Hanagata H, Miyauchi A, and Takigawa M
(2006). CT domain of CCN2/CTGF directly interacts with fibronectin and enhances
cell adhesion of chondrocytes through integrin α5β1. FEBS letters. 580(5): 1376-82.
25. Iliopoulos D, Bimpaki Ei, Nesterova M, and Stratakis Ca (2009). MicroRNA Signature
of Primary Pigmented Nodular Adrenocortical Disease: Clinical Correlations and
Regulation of Wnt Signaling. Cancer Research. 69(8): 3278-82.

43

26. Inadera H (2003). Estrogen-induced genes, WISP-2 and pS2, respond divergently to
protein kinase pathway. Biochemical and Biophysical Research Communications.
302(2): 272-8.
27. Inadera H, Shimomura A, and Tachibana S (2009). Effect of Wnt-1 inducible
signaling pathway protein-2 (WISP-2/CCN5), a downstream protein of Wnt signaling,
on adipocyte differentiation. Biochemical and Biophysical Research
Communications.379(4): 969-74.
28. Jiang C, Ito M, Peining V, Bruck K, Roeder G, Xiao H. (2004). TIP30 Interacts with
an Estrogen Receptor-interacting Coactivator CIA and Regulates c-myc
Transcription. Journal of Biological Chemistry. 279(26): 27781-9.
29. Johnsen Sa, Gungor C, Prenzel T, Riethdorf S, Riethdorf L, Taniguchi-Ishigaki N,
Rau T, Tursun B, Furlow Jd, Sauter G, et al. (2009). Regulation of EstrogenDependent Transcription by the LIM Cofactors CLIM and RLIM in Breast Cancer.
Cancer Research. 69(1): 128-36.
30. Karagiannis Ed, and Popel As (2008). A systematic methodology for proteome-wide
identification of peptides inhibiting the proliferation and migration of endothelial cells.
PNAS. 105(37): 13775.
31. Kawaki H, Kubota S, Suzuki A, Suzuki M, Kohsaka K, Hoshi K, Fujii T, Lazar N,
Ohgawara T, Maeda T, et al. (2011). Differential roles of CCN family proteins during
osteoblast differentiation: Involvement of Smad and MAPK signaling pathways.
Bone. 49(5): 975-89.

44

32. Kouzu Y, Uzawa K, Kato M, Higo M, Nimura Y, Harada K, Numata T, Seki N, Sato M,
and Tanzawa H (2006). WISP-2 expression in human salivary gland tumors.
International journal of molecular medicine. 17(4): 567-73.
33. Kumar S, Hand At, Connor Jr, Dodds Ra, Ryan Pj, Trill Jj, Fisher Sm, Nuttall Me,
Lipshutz Db, and Zou C (1999). Identification and cloning of a connective tissue
growth factor-like cDNA from human osteoblasts encoding a novel regulator of
osteoblast functions. Journal of Biological Chemistry. 274(24): 17123-31.
34. Lake Ac, Bialik A, Walsh K, and Castellot Jj (2003). CCN5 is a growth arrest-specific
gene that regulates smooth muscle cell proliferation and motility. Am J Pathol.
162(1): 219-31.
35. Lake A, and Castellot Jr J.(2003). CCN5 modulates the antiproliferative effect of
heparin and regulates cell motility in vascular smooth muscle cells. Cell
Communication & Signaling. 1(5): 1-13.
36. Letica L, Mermejo Lm, Ramalho Lz, Martinelli Ce, Yunes Ja, Seidinger Al, Mastellaro
Mj, Cardinalli Ia, Brandalise Sr, Moreira Ac, et al. (2011). Wnt/ -Catenin Pathway
Deregulation in Childhood Adrenocortical Tumors. Journal of Clinical Endocrinology
& Metabolism. 96(10): 3106-14.
37. Levin Er (2003). Bidirectional Signaling between the Estrogen Receptor and the
Epidermal Growth Factor Receptor. Molecular Endocrinology. 17(3): 309-17.
38. Liu J, Ding X, Tang J, Cao Y, Hu P, Zhou F, Shan X, Cai X, Chen Q, Ling N, et al.
(2011). Enhancement of Canonical Wnt/β-Catenin Signaling Activity by HCV Core
Protein Promotes Cell Growth of Hepatocellular Carcinoma Cells. PLoS ONE. 6(11):
1-10.

45

39. Mason Hr, Lake Ac, Wubben Je, Nowak Ra, and Castellot Jj (2004). The growth
arrest-specific gene CCN5 is deficient in human leiomyomas and inhibits the
proliferation and motility of cultured human uterine smooth muscle cells. Molecular
human reproduction. 10(3): 181-7.
40. Ohkawa Y, Ohmi Y, Tajima O, Yamauchi Y, Furukawa K, and Furukawa K (2011).
Wisp2/CCN5 up-regulated in the central nervous system of GM3-only mice
facilitates neurite formation in Neuro2a cells via integrin-Akt signaling. Biochemical
and Biophysical Research Communications. 411(3): 483-9.
41. Pecha J, Ankrapp D, Jiang C, Tang W, Hoshino I, Bruck K, Wagner K-U, and Xiao H
(2007). Deletion of Tip30 leads to rapid immortalization of murine mammary
epithelial cells and ductal hyperplasia in the mammary gland. Oncogene. 26(53):
7423-31.
42. Pennica D, Swanson Ta, Welsh Jw, Roy Ma, Lawrence Da, Lee J, Brush J, Taneyhill
La, Deuel B, Lew M, et al. (1998). WISP genes are members of the connective
tissue growth factor family that are up-regulated in wnt-1-transformed cells and
aberrantly expressed in human colon tumors. PNAS., 95(25): 14717-22.
43. Pi L, Shenoy Ak, Liu J, Kim S, Nelson N, Xia H, Hauswirth Ww, Petersen Be, Schultz
Gs, and Scott Ew (2012). CCN2/CTGF regulates neovessel formation via targeting
structurally conserved cystine knot motifs in multiple angiogenic regulators. The
FASEB Journal. Epub ahead of print.
44. Pi L, Xia H, Liu J, Shenoy Ak, Hauswirth Ww, and Scott Ew (2011). Role of
Connective Tissue Growth Factor in the Retinal Vasculature during Development
and Ischemia. Investigative Ophthalmology & Visual Science. 52(12): 8701-10.

46

45. Planque N, Long Li C, Saule S, Bleau a-M, and Perbal B (2006). Nuclear addressing
provides a clue for the transforming activity of amino-truncated CCN3 proteins.
Journal of Cellular Biochemistry. 99(1):105-16.
46. Quan T, Shin S, Qin Z, and Fisher Gj (2009). Expression of CCN family of genes in
human skin in vivo and alterations by solar-simulated ultraviolet irradiation. Journal
of Cell Communication & Signaling. 3(1): 19-23.
47. Ray G, Banerjee S, and Saxena N (2005). Tumor progression in athymic nude mice
by 17β-estradiol induces WISP-2/CCN5 expression in xenografts: a novel signaling
molecule in hormonal carcinogenesis. Oncology reports. 13(3): 445-48.
48. Rittié L, Perbal B, Castellot JJ, Orringer JS, Voorhees JJ, and Fisher GJ (2011).
Spatial-temporal modulation of CCN proteins during wound healing in human skin in
vivo. Journal of Cell Communication & Signaling. 5(1): 69-80.
49. Robinson Ja, Chatterjee-Kishore M, Yaworsky Pj, Cullen Dm, Zhao W, Li C, Kharode
Y, Sauter L, Babij P, Brown El (2006). Wnt/beta-catenin signaling is a normal
physiological response to mechanical loading in bone. Journal of Biological
Chemistry. 281(42): 31720-8.
50.Russo JW, and Castellot JJ (2010). CCN5: biology and pathophysiology. Journal of
Cell Communication & Signaling. 4(3): 119-30.
51.Schutze N, Noth U, Schneidereit J, Hendrich C, and Jakob F (2005). Differential
expression of CCN-family members in primary human bone marrow-derived
mesenchymal stem cells during osteogenic, chondrogenic and adipogenic
differentiation. Cell Communication and Signaling. 3(1): 1-12.

47

52.Sengupta K, Banerjee S, Dhar K, Saxena Nk, Mehta S, Campbell Dr, and Banerjee
Sk (2006). WISP-2/CCN5 is involved as a novel signaling intermediate in phorbol esterprotein kinase C alpha-mediated breast tumor cell proliferation. Biochemistry. 45(35):
10698-709.
53.Si W, Kang Q, Luu Hh, Park Jk, Luo Q, Song W-X, Jiang W, Luo X, Li X, Yin H, et al.
(2006). CCN1/Cyr61 is regulated by the canonical Wnt signal and plays an important
role in Wnt3A-induced osteoblast differentiation of mesenchymal stem cells. Molecular
and Cellular Biology. 26(8): 2955-64.
54.Suzuki A, Ozono K, Kubota T, Kondou H, Tachikawa K, and Michigami T (2008).
PTH/cAMP/PKA signaling facilitates canonical Wnt signaling via inactivation of glycogen
synthase kinase-3β in osteoblastic Saos-2 cells. Journal of Cellular Biochemistry.
104(1): 304-17.
55.Tache D, Bogdan F, Pisoschi C, Baniţă M, Stănciulescu C, Fusaru A, and
Comănescu V (2011). Evidence for the involvement of TGF-β1–CTGF axis in liver
fibrogenesis secondary to hepatic viral infection. Romanian journal of morphology and
embryology. 52(1): 409-12.
56.Tanaka I, Morikawa M, Okuse T, Shirakawa M, and Imai K (2005). Expression and
regulation of WISP2 in rheumatoid arthritic synovium. Biochemical and Biophysical
Research Communications. 334(4): 973-8.
57.Visser S, and Yang X (2010). Identification of LATS transcriptional targets in HeLa
cells using whole human genome oligonucleotide microarray. Gene. 449(1-2): 22-9.
58.Wei L, Mckeon F, Russo Jw, Lemire J, and Castellot J (2010). CCN Proteins in
Health and Disease. 77-95.

48

59.Wiesman Kc, Wei L, Baughman C, Russo J, Gray Mr, and Castellot Jj (2010). CCN5,
a secreted protein, localizes to the nucleus. Journal of Cell Communication & Signaling.
4(2): 91-8.
60.Zhang R, Averboukh L, Zhu W (1998). Identification of rCop-1, a new member of the
CCN protein family, as a negative regulator for cell transformation. Molecular and
Cellular Biology. 18(10): 6131-41.

49

