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Abstract

Connective tissue growth factor (CTGF/CCN2) is a cysteine-rich matricellular secreted protein
that regulates diverse cell functions including adhesion, migration, proliferation, differentiation,
survival, senescence and apoptosis. In the pancreas, CTGF/CCNZ2 regulates critical functions
including B cell replication during embryogenesis, stimulation of fibrogenic pathways in
pancreatic stellate cells during pancreatitis, and regulation of the epithelial and stromal
components in pancreatic ductal adenocarcinoma. This article reviews the evidence establishing
CTGF/CCN2 as an important player in pancreatic physiology and pathology, highlighting the
specific cell types that are involved in each process and the importance of CTGF/CCN2 as a
component of autocrine or paracrine signaling within or between these various cells. Translational
applications, including the potential for CTGF/CCN2-based therapies in diabetes, fibrosis, or
cancer are discussed.
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1. Introduction

Connective tissue growth factor (CTGF/CCN2) is a prototypical member of the “CCN”
family whose members were first recognized in the mid-1990’s and identified based on their
synthesis in response to mitogenic signals (serum, growth factors, oncogenes) or their
aberrant expression in transformed cells [1]. “CCN” is an acronym adopted by consensus
among those working in the field [2] that refers to the first three such members to be
described, specifically Cysteine-rich 61 (cyr-61 or CCN1), CTGF (or CCN2), and
Nephroblastoma overexpressed (nov or CCN3). The other three family members were
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identified based on their induction by Whnts (regulators of cell proliferation and
differentiation that bind Frizzled receptors and low density lipoprotein receptor-related
protein (LRP) 5/6 co-receptors) and are termed Whnt-inducible secreted proteins (WISP-1 or
CCN4; WISP-2 or CCN5; and WISP-3 or CCN6). All six proteins are highly evolutionarily
conserved and share substantial homology with each other. Structurally, the proteins are
organized in a very complex manner and comprise four individual cysteine-rich modules
(Figure 1), each of which is encoded by a separate exon that was likely shuffled from other
genes [3]. Module 1 contains an insulin-like growth factor binding domain, module 2
contains a von Willebrand factor type C, module 3 contains a thrombospondin type 1 repeat,
and module 4 contains a cysteine knot motif. The inter-modular regions are susceptible to
proteolytic cleavage by serine proteases or matrix metalloproteases, a process that can result
in the liberation of CCN fragments which comprise at least one intact module and which are
biologically active [1, 4] (Figure 1).

Although the primary translational products of CCN proteins contain A~terminal signal
peptides and some of the proteins have been detected in cell culture conditioned medium or
body fluids [1, 4], the notion of CCN members as simply being secreted proteins is over-
simplistic. In fact a very complex picture has emerged regarding the manner in which cell
function is regulated by CCN proteins and this derives from the key observations that they
(i) are heparin-binding and sequestered with heparan sulfate proteoglycans (HSPG) on cell
surfaces and in extracellular matrix (ECM); (ii) interact with a diverse variety of cell surface
integrins in a cell-, module-, HSPG-, and/or context-specific manner to regulate a broad
range of cellular responses; and (iii) modulate the activity of other bioactive molecules (e.g.
transforming growth factor-beta (TGF-f), bone morphogenic protein, vascular endothelial
growth factor). Thus CCN proteins are now recognized as matricellular proteins which
function as integral but non-structural components of the ECM that modulate cellular
responses to other molecular cues in the pericellular environment by interacting with
integrins, HSPG or other receptors on the cell surface such as LRP or the TrkA neurotrophin
receptor [4-10] (Figure 1).

CCN proteins regulate many aspects of cell function including adhesion, migration,
proliferation, differentiation, survival, senescence and apoptosis [4-7]. While the “opposite”
nature of some of these responses may appear paradoxical, these outcomes reflect the fact
that matricellular proteins function contextually as a function of other molecular cues in the
surrounding environment. That being said, CCN proteins have emerged as critical regulators
of important biological processes including angiogenesis, chondrogenesis, osteogenesis,
wound healing, fibrosis, atherosclerosis, restonisis, and cancer [4-6] (Figure 1). An essential
role during embryonic development has been shown by targeted gene deletions in mice for
(i) CYR61/CCN1 which show numerous lethal angiogenic and vascular deficiencies [11,
12]; (ii) CTGF/CCN2 which exhibit widespread chondrodysplasia, defective endochondral
ossification, reduced growth plate angiogenesis and pulmonary hypoplasia [13, 14], as well
as deficiencies in endocrine cell lineage allocation, islet morphogenesis, and embryonic 8
cell proliferation in the pancreas [15] (see below); such mice die shortly after birth because
the skeletal malformations lead to compromised lung function; and (iii) NOV/CCN3 which
exhibit defects in the axial and appendicular skeleton, malformation of joints, cardiac septal
defects and early onset of cataracts due to lens degeneration [16]. A loss of function
mutation causing WISP-3/CCNG6 deficiency in humans results in progressive
pseudorheumatoid dysplasia, an autosomal recessive disease of the joint in juveniles [17].
While these studies of “global” deficiency have emphasized the importance of individual
CCN proteins in cardiovascular and skeletal development in particular, more refined studies
have begun to emerge that have allowed conditional knock-outs and/or cell-specific gene
deletion or over-expression to be developed to more precisely establish the function of
CTGF/CCN2 in other organ systems and/or at later stages of life. Such is the case for recent
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studies that have determined the role of CTGF/CCN2 in specific cell types during pancreatic
development [18], as will be discussed below.

2. Cell biology of the pancreas

The pancreas has both endocrine and exocrine functions. The endocrine component is
organized as the islets of Langerhans which comprise 1-2% of the pancreatic mass and
contain several cell types that secrete distinct products: glucagon is secreted by a. cells
(15-20%), insulin and amylin by p cells (65-80%), somatostatin by & cells (3-10%),
pancreatic polypeptide by PP cells (3-5%), and ghrelin by e cells (< 1%) [19]. The
endocrine cells are in intimate proximity to the vasculature either by direct apposition or
extension of cytoplasmic processes to the endothelial cells that form an extensive network of
blood capillaries, allowing for efficient uptake of secreted proteins into the circulation. The
exocrine component is comprised of acinar cells which are organized into clusters (acini)
that are responsible for the synthesis, storage and secretion of inactive proforms of digestive
enzymes into the lumen of each acinus from where, after activation, they empty into the
duodenum by a series of interconnecting epithelial ducts. Other cells include pancreatic
stellate cells (PSC) which are located in peri-acinar and periductular locations, contain
vitamin A in lipid droplets in their cytoplasm, and stain for selective markers such as desmin
and glial fibrillary acidic protein [20]. PSC are normally quiescent but play a critical role in
the wound healing response by undergoing a process of transient activation after acute injury
whereby they become highly motile, proliferative, myofibroblastic, and produce fibrillar
collagens which are deposited at the site of damage to form a provisional ECM that is a
critical scaffold for cell repopulation and tissue repair. However, in a setting of chronic
injury, PSC activation persists unabated and this phenomenon contributes significantly to
pancreatic pathogenesis because fibrillar collagens are unrelentingly deposited in the
interstitial spaces, resulting in extensive fibrosis and tissue dysfunction [21, 22]. Many
aspects of PSC activation are believed to be recapitulated /n7 vitrowhen PSC that have been
isolated from normal pancreatic tissue are cultured on tissue culture plastic for 1-2 weeks, a
procedure that results in their progressive autonomous differentiation into myofibroblast-like
cells that express increasing levels of aSMA, laminin, fibronectin, and collagen types | and
I11. These culture-induced changes have become an important /in7 vitro model for probing the
molecular mechanisms of PSC activation and fibrogenic pathways [20, 23-26].

Of the CCN proteins studied to date, a wealth of information has been gathered with respect
to the role of CTGF/CCNZ2 in regulating the functions of many cell types in the pancreas.
Moreover, data have accrued which support an essential role for CTGF/CCNZ2 in distinct
aspects of pancreatic biology including embryonic development, would healing,
inflammation, fibrosis, and cancer. In this context, the pancreas is one of a few organs in
which a detailed picture has begun to emerge regarding the contribution of CTGF/CCN2 to
regulating normal and pathological processes and it is illustrative of the many diverse
biological roles of CTGF/CCN2 within a single organ system.

3. CTGF/CCN2 in pancreatic development

Pancreatic development is initiated by branching morphogenesis of dorsal and ventral
evaginations from the posterior foregut endoderm which later fuse to become a single organ.
Endocrine progenitor cells arise via notch/delta signaling in ductal epithelial cells, resulting
in their delamination from the epithelium and differentiation into proliferative hormone-
producing cells organized as islets [27, 28]. This developmental process, which is initiated
on embryonic Day 9.5 (E9.5) in the mouse, is tightly orchestrated by a complex network of
transcription factors [28, 29], including neurogenin 3 which plays a central role in specifying
the endocrine component [30] (Figure 2). Since there is a deficiency in functional g cell
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mass in type 1 or type 2 diabetes [31, 32], considerable attention has become focused on
understanding the mechanisms by which B cell specification is developmentally determined
in the hope that key regulators of this process may be identified that prove to have
therapeutic value in the diabetic patient [28], and it is this aspect which has been the driving
force behind many of the CTGF/CCNZ2 studies performed to date. Diabetes continues to be a
major medical challenge: in 2011, 8% of the US population was diagnosed with type 2
diabetes and the numbers of patients in all age groups are rising in the face of an obesity
epidemic fuelled by lack of physical activity and poor diet.

A role for CTGF/CCN2 in pancreatic development and morphogenesis was first suggested
by its detection in the mouse pancreas at E14.5 [33] and its reduced expression in
dysmorphic islets of transgenic mice that over-expressed the cut-homeodomain transcription
factor hepatic nuclear factor 6 in the pancreatic endocrine cell lineage [34]. Further support
came from studies of the CTGF/CCN2 gene which revealed the presence of an enhancer
sequence which contains binding sites for multiple transcription factors involved in
pancreatic development, including neurogenin 3 which represses expression of CTGF/CCN2
(and WISP-1/CCN4) in pancreatic progenitor cells [35]. Detailed localization studies,
including careful CTGF/CCN2 immunohistochemistry of normal mouse specimens and X-
gal staining for CTGF/CCN2-B-glactosidase fusion protein in mice containing a lacZ-tagged
CTGF/CCN2 null allele, revealed that CTGF/CCN2 expression was correlated with the
timing of islet morphogenesis, being produced transiently during late embryogenesis (E18.5)
and up to Day 1 of post-natal life (P1) in B cells, with no production in islet cells during
adult life nor by a cells at any stage [15]. Demonstration of a functional role for CTGF/
CCN2 in the endocrine pancreas was revealed in pan-CTGF/CCN2 null embryos which, as
compared to wild-type mice, exhibited less mature islet-associated ductal tissue and
contained a higher a:p cell ratio at E13.5-18.5, the latter of which was attributed to
decreased P cell proliferation downstream of enhanced levels of the cell cycle inhibitor, p27
[15] (Figure 2). While CTGF/CCN2 homozygous null mice do not survive after birth [14],
CTGF/CCN2 heterozygous mice are viable and as adults exhibit pancreatic defects that
include irregularly shaped islets and islets that contain proportionately more a cells than
their wild type counterparts [15]. However, unlike the islets of CTGF-deficient embryos at
E18.5 which contain fewer p cells than wild type mice (see above), those of adults undergo
compensatory hypertrophy resulting in a p cell area which is comparable in size to those of
wild types [15]. Although these animals did demonstrate a ~20% decrease in insulin
production, they were functionally uncompromised as shown by their normal blood glucose
levels and glucose clearance when challenged with a 12 week high-fat diet [15].

Whereas the above studies showed that CTGF/CCN2 was required for islet morphogenesis
and B cell proliferation, the cellular source of CTGF/CCNZ2 driving this response could not
be definitely ascertained in this approach because, in addition to its production by islets
during late embryogenesis (see above), CTGF/CCN2 was found to be produced, albeit at
declining levels, by pancreatic mesenchyme at E12.5 [15] and, further, to be expressed at
high persistent levels in pancreatic ductular and vascular structures throughout embryonic,
neonatal and adult life [15], with its detection apparent in pancreatic bud epithelium as early
as E10.5 [18]. However, cell-specific inducible mouse knockout models developed to begin
to address this question have elegantly shown that p cells, endothelial cells or epithelial cells
are each biologically significant sources of CTGF/CCNZ2 that individually drive g cell
proliferation during embryogenesis and function redundantly with one another in their
CTGF-dependent promotion of lineage allocation and islet morphogenesis [18] (Figure 3).
Overexpression of CTGF/CCNZ2 in mouse embryonic B cells, achieved by activation of a
CTGF/CCN2 transgene in B cells at E9.5, resulted in islets that were of greater mass and
which contained more a and B cells at P1 than their wild type counterparts, even though
overall pancreatic size or vascularity was not changed (Figure 3). This effect was shown to
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arise through the stimulation of a or p cell proliferation by CTGF/CCNZ2 rather than driving
an increase in endocrine progenitors [18]. In contrast, induction of the CTGF/CCN2
transgene in B cells for 1 week in mice that were 3 weeks old (weanling) or for 1-5 weeks in
mice that were 7 weeks old (adult) failed to stimulate @ cell proliferation, islet mass, or
glucose homeostasis [36].

Taken together, these results show that islet morphogenesis and function is exquisitely
regulated by CTGF/CCNZ2 during embryogenesis, and that is it both required and sufficient
to induce proliferation of embryonic p cells, while contributing to embryonic a cell function
as well (Figures 2,3). Whereas the influence of embryonic CTGF/CCN2 on these parameters
is evident after birth (e.g. at P1), this does not appear to be the case for CTGF/CCN2 that is
expressed by B cells during postnatal independent life in as much as the p cells in more
mature animals appear refractory to its presence, at least with respect to their proliferative
rate and glucose regulation. Although the mechanistic basis for this difference is unclear, the
data nonetheless support the concept that developmental regulation of CTGF/CCN2
expression may be a viable strategy for increasing the B cell population and islet function
and, as such, it may be beneficial in emerging cell-based therapies for diabetes that involve
pancreatic stem cell differentiation or B cell expansion [36].

4. CTGF/CCN2 in pancreatitis and fibrosis

In the pancreas, fibrosis is a major feature of desmoplasia (a stromal reaction characteristic
of pancreatic cancer; see below) or chronic pancreatitis (CP). Together with acute
pancreatitis (AP), CP is associated with long-term heavy alcohol consumption in Western
society. In both forms of the disease, the fundamental pathological event is acinar cell injury
leading to cellular autodigestion by proteases, the synthesis and export of which are usually
tightly controlled. AP is a recurrent inflammation resulting in pain, edema, hemorrhage,
acinar cell vacuolation, necrosis, and increased serum amylase and lipase. These features
exist in CP which is further characterized by progressive destruction of acinar cells,
accumulation of fibroblasts and ECM, calcification of pancreatic ducts, and exocrine or
endocrine insufficiency resulting in, respectively, maldigestion or diabetes. Of the ~3500 US
deaths due to pancreatitis each year, approximately 85% are caused by AP and 15% by CP.
In the latter group, 45% of the deaths are due to alcohol. While AP and CP may be
considered two discrete entities, CP may arise as a result of relapsing severe episodes of AP.
This necrosis-fibrosis model is supported by studies of patients with alcoholic pancreatitis
which showed that the incidence and severity of AP may result in progression to CP [37].

As in many other organ systems [38, 39], over-expression of TGF- is strongly associated
with inflammation and fibrosis in the pancreas. Studies of AP from human clinical samples
and rodent models showed that TGF-p and its receptors are over-expressed at the time of
injury and inflammation in mild edematous AP and the more severe acute necrotizing
pancreatitis (ANP), the latter of which also shows a second wave of TGF-f expression that
is correlated with ECM synthesis and tissue repair at sites of necrosis [40-44]. Transgenic
mice that overexpress TGF-B1 in the pancreas start to exhibit a progressive accumulation of
ECM within 14 days of birth which replaces the exocrine tissue and results in significant
acinar loss and pancreatic fibrosis by 11 months of age [45]. The /in vivorelevance of TGF-p
as an inducer of pancreatic fibrosis has also been shown in a mouse model in which TGF-p
was administered against a background of cerulein-induced acute pancreatitis [46].
However, attention has become focused on pancreatic CTGF/CCN2 because of extensive
studies in other organ systems that have firmly established CTGF/CCNZ2 as a TGF-$-
inducible factor that plays a dynamic role in driving fibrosis and which mediates the pro-
fibrotic properties of TGF-B [38, 47]. In ANP in human tissues or experimental rodent
models, CTGF/CCN2 expression occurs mainly in the remaining viable acinar or ductal
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cells [48]. In CP, CTGF/CCN2 mRNA expression is correlated with the degree of fibrosis
and is produced at the injury site by acinar cells or fibroblastic cells, the latter of which
produce the highest level of CTGF/CCN2 and likely include a population of activated PSC
[49]. The involvement of activated PSC as the principal producers of CTGF/CCNZ2 has been
definitely shown in a mouse model of alcohol-induced CP in which CTGF/CCN2 was co-
localized to myofibroblasts that were positive for aSMA and collagen and which localized
within areas of fibrosis [50].

Pancreatic fibrosis, driven by CTGF/CCN2 over-expression in (3 cells of adult mice and
characterized by peri-ductular and peri-vascular collagen deposition was recently described
[36] but the underlying mechanisms and role of PSC have yet to be reported. On the other
hand, mice that were transgenic for pancreatic TGF-p showed an association between
CTGF/CCN2 and increased fibronectin production or PSC proliferation [51] and there is
now a growing body of evidence that CTGF/CCNZ2, acting via autocrine or paracrine
pathways, plays an important role in pathways of PSC activation and fibrogenesis. Primary
mouse or rat PSC maintained in culture produce CTGF/CCNZ2 [23, 25, 26, 52-55] and its
levels increase over time as the cells become progressively activated /n vitro[23, 26]. In
transiently activated PSC, CTGF/CCN2 mRNA or protein levels are enhanced by treatment
of the cells with TGF-B, tumor necrosis factor-a (TNF-a), activin A or ethanol, the latter
acting after its metabolism to acetaldehyde and production of oxidant stress [23, 25, 54]
(Figure 4). The region -125 to +40 of the CTGF/CCN2 promoter is required for basal
activity in cultured PSC and promoter activity is stimulated by TGF-p, platelet-derived
growth factor, ethanol, acetaldehyde, activin A, or TNF-a but is inhibited by interferon-
gamma [23, 54]. In PSC that have been exposed to high glucose concentrations, the renin-
angiotensin system becomes activated and drives expression and secretion of ECM proteins
and inhibits collagen degradation [55] (Figure 4). Under these conditions, the PSC also show
enhanced expression of CTGF/CCN2 that, along with other matrix proteins, can be reversed
by candesartan or ramiprilat which, respectively, block the angiotensin Il receptor or
angiotensin-converting enzyme [55]. Glucose- or insulin-stimulated CTGF/CCN2
expression in PSC is attenuated by U1026, an inhibitor of ERK1/2 signaling that also blocks
cell proliferation [53], supporting a role for CTGF/CCN2 in mediating the additive effects of
hyperglycemia and hyperinsulinemia on PSC activation and proliferation that are associated
with islet-restricted fibrosis in type 2 diabetes.

In addition to producing CTGF/CCNZ2, cultured PSC also respond when exogenously
exposed to this molecule, resulting in enhanced adhesion, migration, proliferation,
phosphorylation of ERK1/2 and STAT3, and expression of matrix metalloprotease-9, tissue
inhibitor of metalloproteases-1, TGF-B or collagen [23, 24, 54] (Figure 4). CTGF/CCN2-
dependent adhesion or migration of activated PSC is mediated by specific motifs in module
4 that bind to cell surface HSPG or integrin a4, the latter of which is also required for
CTGF/CCN2-induced collagen synthesis [23, 24]. Down-regulation of CTGF/CCN2
expression by small interfering RNA causes a reduction in the rate of PSC proliferation,
demonstrating that endogenous CTGF/CCN2 can act as autocrine regulator of PSC
activation [54]. These data have highlighted the possibility that antagonism of CTGF/CCN2
production or action in PSC may provide novel therapeutic approaches in pancreatic
fibrosis.

5. CTGF/CCN2 in pancreatic cancer

Each year in the US, there are more than 30,000 diagnoses of pancreatic ductal
adenocarcinoma (PDAC), a highly aggressive disease with poor prognosis and a 5-year
survival rate of less than 4%. PDAC is the 4th leading cause of cancer-related mortality in
the West, with the majority (75-85%) of patients presenting with non-resectable tumors at

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2014 February 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Charrier and Brigstock Page 7

the time of diagnosis. In one approach, CTGF/CCNZ2 has been studied as a product of the
tumor cells which are characterized by activation mutations in the K-ras proto-oncogene
during a pre-invasive state termed pancreatic intra-epithelial neoplasia (PanIN) and, in
invasive PDAC, a high frequency of inactivation of tumor suppressor genes such as p53,
p16, Smad4 or the type Il TGF-p receptor, the latter two of which suggest an important role
of aberrant TGF-p signaling in PDAC progression. In another approach, studies have
focused on the contribution of CTGF/CCN2 to the desmoplastic reaction which involves the
intense production of an interstitial stroma that can contribute up to 80% of the tumor mass
and comprises fibroblasts, myofibrobalsts, inflammatory cells and PSC that are associated
with a highly expanded ECM comprising collagens, fibronectin, laminin, and proteoglycans.
This reaction may constitute a physical barrier that restricts cancer spread but increasingly it
is considered a reservoir of ECM-associated growth factors that functions dynamically to
sustain tumor growth and increase its invasive potential [56].

Clinical specimens of pancreatic cancer express elevated levels of CTGF/CCN2 mRNA that
are 40-60-fold greater than normal pancreas and well correlated with the extent and intensity
of desmoplasia [57, 58]. In a study of 2 pancreatic cancer patients, CTGF/CCN2 mRNA
appeared to be localized exclusively in the tumor cells themselves [59] and increased CTGF/
CCN2 in tumor cells as compared to stromal cells was reported in two other studies of 30 or
58 PDAC patients [60, 61]. On the other hand, CTGF/CCN2 expression in other PDAC
samples was shown to occur in both the tumor and stroma but with preferential localization
to stromal fibroblasts, including PSC, and this finding was recapitulated in a mouse
xenograft model [57, 58]. Culture-activated PSC contain CTGF/CCN2 mRNA in higher
abundance than a variety of cultured pancreatic tumor cell lines which express variable but
nonetheless lower amounts of the transcript [57]. Whereas TGF-p promotes CTGF/CCN2
mRNA production in PSC [57], TGF-P receptor mediated signaling is frequently impaired in
pancreatic tumor cells as mentioned above. Studies of CTGF/CCN2 expression and
promoter activity have established that MEK/ERK drives basal CTGF/CCNZ2 production in
Panc-1 pancreatic tumor cells in a Smad-independent fashion [62] as well as in other
pancreatic cancer cell lines that have defective Smad signaling [63]. On the other hand, in
pancreatic tumor cell lines that are TGF-p-responsive (Panc-1, HPAF), CTGF/CCN2
production is dependent on the type | TGF-B receptor and MEK/ERK [63]. These data
support the notion that that the production of CTGF/CCN2 via TGF-B-dependent or -
independent mechanisms is likely stimulated via mutational activation of ras, which
commonly occurs in PDAC [64, 65] and is a major driver of the ERK/MEK signaling
pathway [62, 63]. Further, in an inducible mouse model of PDAC, generated by knockout of
the type Il TGF-B receptor in combination with overexpression of K-ras, there was strong
stromal expression of CTGF/CCNZ2, especially in areas adjacent to the tumor whereas no
such staining was observed in the stroma of mice that over-expressed K-ras alone and
developed PanIN (see above) [66], highlighting the combinatorial effects of activated ras
and defective TGF-P tumor signaling as a trigger for stromal CTGF/CCN2 production and
development of a more aggressive tumor type (Table 1). In follow-up studies, induction of
CTGF/CCN2 in stromal cells, which were shown to confer a growth advantage on PDAC in
vivo [67], was attributed to the production by the tumor cells of Cxc chemokines and this
was reinforced by the finding that Cxcr2 inhibitors decreased stromal CTGF/CCN2
expression, reduced tumor progression and increased overall survival [67] (Table 1). Thus,
rather than being functionally segregated, substantial molecular cross-talk exists between the
stromal and tumor compartments in PDAC, and complex autocrine or paracrine pathways of
CTGF/CCN2 regulation and action have begun to be identified that are dynamically
regulated by Cxcr2-dependent chemokines downstream of ras/TGF-B receptors, and which
directly regulate PDAC progression.
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Other pathways of CTGF/CCNZ2 gene transcription have been described in PDAC, including
their induction as immediate early genes in human pancreatic tumor cells in response to
epidermal growth factor or transforming growth factor-alpha which, unlike the response of
the same cells to TGF-B, do not cause enhanced collagen production [58]. Also, CTGF/
CCNZ2 expression in pancreatic cancer cells in response to serum growth factors is enabled
by high expression of cell surface mucin (MUCL1) which is overexpressed in PDAC and
involved in PDAC invasion and metastasis [68]. Mechanistically, this effect occurs via
differential phosphorylation of the cytoplasmic tail of MUC1 which allows it to interact with
various transcription factors and reorganize their association with the CTGF/CCN2
promoter. Specifically, MUC1 enhances the association of f-catenin or mutant p53 with the
CTGF/CCN2 promoter to drive CTGF/CCNZ2 expression while at the same time preventing
c-jun, a transcriptional repressor, from binding to the same upstream elements [68]. This
mode of action is broadly used by MUCL to regulate the activity of a diverse variety of
transcription factors for many target genes and is proposed to drive formation of a reactive
tumor micro-environment - of which CTGF/CCN2 was thus identified to be an important
component in PDAC. The major mechanisms of CTGF/CCNZ2 transcriptional regulation in
PDAC tumor cells are summarized in Figure 5.

As well as potentially driving aspects of the desmoplastic reaction via its promotion of
fibrogenic signaling pathways in PSC (see above), CTGF/CCN2 has been identified in a
metastasis-related gene cluster in PDAC neoplastic epithelium [59, 69]. Incubation of
Panc-1 cells /n vitro with recombinant CTGF/CCNZ2 stimulated cell proliferation in
monolayer culture as well invasion in a Matrigel assay [70]. Anchorage-independent growth
of pancreatic tumor cells /n vitro was reduced after knock-down of CTGF/CCN2 mRNA
expression [60] and, conversely, was enhanced after transfection of the cells with human
CTGF/CCN2 cDNA - the latter effect being blocked by FG-3019, a neutralizing CTGF/
CCN2 monoclonal antibody [71]. Unlike addition of exogenous CTGF/CCNZ2 [70], forced
over- or under-expression of CTGF/CCN2 expression in pancreatic tumor cells was not
associated with altered rates of cell proliferation in monolayer culture [60, 71], highlighting
the importance of contextual cues for specific CTGF/CCNZ2 responses. After subcutaneous
injection in mice, PaCa-2 clones expressing differing amounts of human CTGF/CCN2
spawned tumors that were directly proportional in size to the CTGF/CCNZ2 protein level
produced [71] and, similarly, silencing of CTGF/CCN2 gene expression in Panc-1 cells
resulted in their inability to form solid subcutaneous tumors in mice [60] (Table 1). Several
studies have shown that CTGF/CCNZ2 expression in pancreatic tumor models /n vivois
associated with increased proliferation and decreased apoptosis of the tumor cell [60, 71]
(Table 1). Notably, CTGF/CCN2-expressing tumor cells are present in hypoxic regions of
experimental tumors /n vivo or in clinical samples and this has been attributed to the ability
of CTGF/CCNZ2 to confer protection against hypoxia-mediated apoptosis [60]. Also,
NS-398, a non-steroidal anti-inflammatory drug that selectively targets cyclo-oxygenase-2,
was shown to inhibit growth and proliferation in pancreatic tumor cell lines and to induce
their apoptosis while at the same time causing significant down-regulation of CTGF/CCN2
expression, although mechanistic studies to functionally link these observations were not
reported [72].

Definitive evidence for a functional role of CTGF/CCN2 in driving PDAC, at least in animal
models, came from two landmark studies in which FG-3019 was shown to reduce tumor
growth, metastasis and angiogenesis in mice either injected subcutaneously with CTGF-
transfected Panc-1 cells [71] or which were implanted intra-pancreatically with fragments of
tissue from subcutaneous tumors derived from wild-type Panc-1 cells [70] (Tablel). While
these promising outcomes may translate to novel therapeutic approaches that target CTGF/
CCN2 production or action in the PDAC patient population, further work is needed to
clarify whether FG-3019 exerts its inhibitory action by acting on the tumor cells, stromal
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cells, or both. Moreover, it should be emphasized that entirely different conclusions
regarding the role of CTGF/CCN2 in human pancreatic cancer were made based on the
findings that CTGF/CCNZ2 expression patterns were correlated with lower grade (more
highly differentiated) PDAC and improved patient survival [57, 61]. Curiously, CTGF/
CCN2 mRNA was preferentially localized to the stroma in one of these studies [57] and
CTGF/CCN2 protein to the tumor cells in the other study [61]. While the apparent positive
prognostic value of CTGF/CCN2 levels in PDAC highlighted in these reports is provocative,
follow-up studies that include mechanistic and functional approaches will need to be
undertaken to determine the validity of the findings and to reconcile them with the other data
discussed above.

6. CTGF/CCN2 in pancreatic inflammation

Emerging data in the CCN field, especially from studies of CYR61/CCN1 and NOV/CCNS3,
have begun to highlight this family of proteins as important components of inflammatory
responses [73-75] and several studies appear to support a role for CTGF/CCNZ2 in pancreatic
inflammation. For example, in human or rat ANP, CTGF/CCN2 production is correlated
with that of TGF-B and follows a bi-phasic pattern in which their first peak of expression is
co-incident with inflammatory cell infiltration [48]. Rather than being produced by
inflammatory cells, CTGF/CCN2 expression occurs in the remaining ductular cells, acinar
cells and fibroblasts of the injured tissue suggesting that it might either contribute to the
inflammatory reaction or be produced as a consequence of it [48]. These possibilities are
supported, respectively, by the findings that CTGF/CCNZ2 treatment of activated rat PSC /n
vitro causes increased expression of the pro-inflammatory cytokines interleukin-1p or
interleukin-6 [54], or that CTGF/CCN2 production occurs downstream of Cxcr2-dependent
chemokines in experimental PDAC [67]. While these observations are intriguing, these
studies were not designed to specifically address the role of CTGF/CCN2 in pancreatic
inflammation and this question will need to be directly addressed in future research.

7. Summary

A substantial body of evidence has shown unequivocally that CTGF/CCN2 plays critical
roles in pancreatic development, fibrosis, and cancer. /n vitro approaches coupled with
elegant i vivo models have provided definitive evidence for epithelial-, endothelial-, or B
cell-derived CTGF/CCNZ2 in driving embryonic p cell replication, for the regulation of PSC
fibrogenic pathways by CTGF/CCN2, and for the involvement of CTGF/CCN2 in PDAC
and its associated desmoplasia including a chemokine-dependent CTGF/CCN?2 axis that
regulates tumor-stromal interactions. Although additional studies are needed to understand
the mechanisms by which pancreatic CTGF/CCNZ2 is regulated and the signaling pathways
that it controls, strategies that attenuate or augment CTGF/CCNZ2 circuitry in the pancreas
hold promise as innovative treatments for several major pancreatic diseases for which there
are currently inadequate therapies, including diabetes, pancreatitis, and cancer.
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9. Abbreviations

in alcoholic pancreatitis.

ANP acute necrotizing pancreatitis

AP acute pancreatitis

CP chronic pancreatitis

CTGF/CCN2 connective tissue growth factor
CYR6L/CCN1 cysteine-rich 61

ECM extracellular matrix

HSPG heparan sulfate proteoglycan

LRP low density lipoprotein receptor-related protein
MUC1 mucin

NOV/CCN3 nephroblastoma overexpressed
PanIN pancreatic intra-epithelial neoplasia
PDAC pancreatic ductal adenocarcinoma
PSC pancreatic stellate cells

TGFB transforming growth factor beta
TNF-a tumor necrosis factor alpha
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Fig. 1. Structural and functional properties of CCN proteins
Primary CCN translational products comprise a signal peptide and four modules that can be
differentially liberated by proteolysis. Through their contextual interactions with cell surface
receptors, co-receptors, and signaling molecules, CCN proteins regulate multiple cellular
functions and biological processes.
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Fig. 2. CTGF/CCN2in islet development
Neurogenin 3-positive (ngn3) endocrine progenitors within ductal epithelium delaminate
and undergo differentiation into a, B, 6, e or PP cells in response to signals from adjacent
vascular endothelium (1). At late gestation, p-cell proliferation increases (2), islets separate
from ducts, and endocrine cells undergo sorting (3). CTGF/CCN?2 is produced by ductal
epithelium, endothelial cells, and embryonic B-cells. Global CTGF/CCN?2 inactivation
increase progenitor allocation to the p-cell lineage and decreased B-cell proliferation,
resulting in decreased B-cell mass. Also, islet sorting is impaired resulting in a “mixed islet”
phenotype. Reproduced by permission from Crawford et a/. [15], Copyright 2009, The
Endocrine Society.
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Fig. 3. Models of pancreatic CTGF/CCN2 inactivation or overexpression
B-cell proliferation during late gestation is regulated by CTGF/CCNZ2 derived from p-cells
themselves as well as epithelial or endothelial cells. Loss from all three sources reduces f-
cell proliferation (see also Figure 2) whereas this effect is less evident after cell-specific
CTGF/CCN2 inactivation due to compensatory mechanisms from the remaining CTGF/
CCN2-producing cell types. CTGF/CCN2 overexpression in B-cells stimulates proliferation

of both a- and p-cells.
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Fig. 4. Principal pathways of CTGF/CCN2 production and action in activated PSC
CTGF/CCN2 functions in activated PSC following injury, being produced in response to
diverse extracellular signals as well as regulating PSC responses via interactions with
integrins/HSPG. In chronic injury, PSC are perpetually activated leading to excess collagen
production downstream of CTGF/CCN2.
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Growth factors, cytokines, or environmental cues drive CTGF/CCNZ2 production via
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activation of ras, Smad or as yet undefined mechanisms. Downstream interactions with
transcription response elements in the CTGF/CCN2 promoter increase CTGF/
CCN2production, an outcome that can be amplified by MUC1.
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