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The matricellular protein CYR61 interferes with normal
pancreatic islets architecture and promotes pancreatic
neuroendocrine tumor progression

Yu-Ting Huang'?, Qiang Lan®?", Lionel Ponsonnet'?”*, Marisa Blanquet', Gerhard
Christofori?3, Jelena Zaric'?, Curzio Riiegg'?
]Department of Medicine, Faculty of Science, University of Fribourg, Fribourg, Switzerland

2National Center for Competence in Research (NCCR), Molecular Oncology, Swiss Institute for Experimental Cancer Research
(ISREC)-Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne, Switzerland

3Department of Biomedicine, University of Basel, Basel, Switzerland
“These authors contributed equally to the work

Correspondence to: Curzio Riegg, e-mail: curzio.ruegg@unifr.ch
Keywords: CYR61, transgenic model, angiogenesis, invasion, insulinoma

Received: July 28, 2015 Accepted: November 15, 2015 Published: November 27, 2015

ABSTRACT

The significance of matricellular proteins during development and cancer
progression is widely recognized. However, how these proteins actively contribute
to physiological development and pathological cancer progression is only partially
elucidated. In this study, we investigated the role of the matricellular protein Cysteine-
rich 61 (CYR61) in pancreatic islet development and carcinogenesis. Transgenic
expression of CYR61 in B cells (Rip1CYR mice) caused irregular islets morphology
and distorted sorting of a cells, but did not alter islets size, hnumber or vascularization.
To investigate the function of CYR61 during carcinogenesis, we crossed Rip1CYR
mice with Rip1Tag2 mice, a well-established model of 8 cell carcinogenesis. Beta
tumors in Rip1Tag2CYR mice were larger, more invasive and more vascularized
compared to tumors in RiplTag2 mice. The effect of CYR61 on angiogenesis was
fully abrogated by treating mice with the anti-VEGFR2 mAb DC101. Results from
in vitro assays demonstrated that CYR61 modulated integrin a,B,-dependent invasion
and adhesion without altering its expression. Taken together, these results show
that CYR61 expression in pancreatic B cells interferes with normal islet architecture,
promotes islet tumor growth, invasion and VEGF/VERGFR-2-dependent tumor
angiogenesis. Taken together, these observations demonstrate that CYR61 acts as a
tumor-promoting gene in pancreatic neuroendocrine tumors.

INTRODUCTION

families of matricellular proteins have been identified and
their functions are gradually unveiled [2].

Cysteine-rich 61 (CYR61) belongs to the
CCN (CYR61, CTGF and NOV) family of secreted

In recent years, focus of cancer research has
expanded from cell autonomous phenomena to the complex

interaction network between tumor microenvironment and
cancer cells. Tumor microenvironment comprises stromal
cells, soluble factors, extracellular matrix and matricellular
proteins [1]. While matrix proteins constitute the physical
framework of the tissue and provide mechanical modulation
of cellular activities, cells can also secrete matricellular
proteins into the extracellular space. Through binding with
both membrane protein receptors and the extracellular
matrix, matricellular proteins actively participate in the
regulation of cell-cell and cell-matrix interactions. Several

matricellular proteins. It is composed of an N-terminal
signal peptide for secretion, four conserved domains
homologous to insulin-like growth factor-binding protein
(IGFBP), von Willebrand factor type C repeats (VWC),
thrompospondin type 1 repeat (TSP-1) and a carboxyl-
terminal (CT) domain containing a cysteine knot motif,
respectively [3]. The latter three domains contain binding
sites for cell surface heparin sulfate proteoglycans
(HSPG) and integrin adhesion receptors, including
aB, af,op, ap,and a B, [4]. The capability of binding
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to various cell surface receptors allows CYR61 to regulate
diverse cellular activities in a context-dependent manner
[3, 5, 6]. For instance, CYR61 enhances adhesion and
tube formation of quiescent endothelial cells through
integrin a3, while in activated endothelial cells, the
same functions are mediated by integrin a 3, [7]. Besides
cell adhesion and tube formation, CYR61 also promotes
endothelial cell migration, proliferation and survival [7].

From in vitro and in vivo experiments using cell
lines, CYR61 was shown to enhance cancer cell growth
and invasion in breast [8, 9], gastric [10, 11], ovarian
cancers [12] and glioma [13, 14]. Clinical studies on these
cancers revealed positive correlations between CYR61
expression level and tumor stages, metastasis, recurrence
and reduced survival [12, 15-17], suggesting a cancer-
promoting function of CYR61. However, experimental
and clinical observations in non-small-cell lung cancer
(NSCLC) showed that CYRG61 suppresses tumor
growth, migration and late stage progression [18, 19].
In endometrial cancer and hepatocellular carcinoma, the
function of CYR61 remains unclear since both positive
and negative correlations between CYR61 level and
cancer progression have been reported [20-23]. The
opposing roles of CYR61 among different types and stages
of cancer indicate the urge of studying this molecule in
additional in vivo tumor models.

In this study, we sought to characterize the
function of CYRG61 in normal tissue development and the
development of cancerous lesions from the corresponding
tissue. To study its role in normal tissue development we
first established a tissue-specific transgenic mouse line
expressing human CYRG61 in the insulin-secreting B cells
of pancreatic islets of Langerhans (Ripl CYR). To study
the role of CYRO1 in tumor development, we crossed the
Rip1CYR mice with another transgenic mice, Rip1Tag2,
that spontaneously form B cell tumors (i.e. pancreatic
neuroendocrine tumors, PNET) [24]. Analysis of these mice
revealed that CYRG61 expression in normal pancreatic 3
cells alters islet architecture but not growth and
vasculararization, while expression in tumorigenic mice
promotes islet tumor growth, angiogenesis and invasion.

RESULTS

Generation of Ripl1CYR transgenic mice

To generate transgenic mice expressing human
CYR61 in the pancreatic  cells of the islets of
Langerhans, we cloned a 1620 bp cDNA fragment
containing the human CYR6/ ORF (1146 bp) between
the rat insulin gene II promoter and the DNA fragment
containing SV40 large T and small t antigen intron and
polyadenylation signal (Supplementary Figure 1A).
Two transgenic lines with stable transgene expression
to their progeny were obtained. Analysis of transgene
genomic integration was performed by PCR on genomic

DNA (Supplementary Figure 1B). Protein expression
of the transgene was confirmed by western blotting
using whole pancreata lysates of wild type C57Bl/6 and
RipICYR mice (Supplementary Figure 1C, left panel).
Immunohistochemical staining confirmed that CYR61
was specifically expressed in all islets of Langerhans of
the Ripl CYR mice (Figure 1A).

CYRG61 alters the architecture but not the size of
islets of Langerhans and distorts the segregation
of a cells

The transgenic Ripl CYR mice bread at mendelian
rate, had normal life span and did not show obvious
pathologies. Although CYR61 has been shown to enhance
cell proliferation, the transgene had no significant impact
on either size or number of islets (Figure 1B, 1C).
Besides, there was no islet tumor formed up to 18 months
of age in the RiplCYR mice examined by histological
staining (data not shown). The shape of the islets in
RipICYR mice, however, was often irregular with cells
protruding into the surrounding exocrine pancreatic tissue
(Figure 2A, left panel). Quantification revealed that up
to 30% of the islets of Ripl CYR mice were irregularly
shaped compared to only 2% in wild type animals
(Figure 2A, right panel). Moreover, glucagon staining
showed that the o cells were not properly segregated
to the peripheral cell layers in about 1/3 of the islets of
RipICYR mice while only less than 5% of islets showed
such phenotype in wild type animals (Figure 2B).

These results indicate that ectopic expression of
CYR61 in B cells does not induce hyperplastic growth
or tumor formation but causes irregular shape, invasive
borders and distorted segregation of the glucagon-
producing o cells in about one third of the islets.

The vasculature of Langerhans’ islets in
Rip1CYR mice shows no difference compared to
wild type mice

CYR61 was reported to enhance proliferation,
survival, motility and tube formation of endothelial
cells in vitro [6]. Results from Cyr6/-null mice also
demonstrated its critical role in vascular development [25].
To examine the potential effects of CYR61 expression on
the development of the vasculature in pancreatic islets, we
analyzed vascular parameters in wild type and RiplCYR
pancreata by CD31 staining (Figure 3A). Quantification
of both micro-vessel density (Figure 3B) and the area
occupied by vessels (Figure 3C) in the islets revealed no
apparent difference between the two genotypes of mice.
Also, the vasculatures in the exocrine part of the pancreas
of both genotypes were indistinguishable (data not shown).

These findings demonstrate that the development of
the vasculature in the islets and exocrine part is not affected
by CYRG61 expression in the insulin-producing f3 cells.
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The B tumors in Rip1Tag2CYR mice are larger
compared to tumors in Rip1Tag2 mice

In order to study the effect of CYR61 on tumor
progression, we crossed Ripl CYR mice with Ripl1Tag2
mice to obtain double-transgenic Rip1Tag2CYR mice
expressing CYRG61 in B tumors (Supplementary Figure 1B
and 1C). Staining of insulin and CYR61 in pancreata from
13 week-old Ripl1Tag2 and Rip1Tag2CYR revealed that
expression of transgenic CYR61 was largely maintained
in all B tumors (Figure 4A). Sporadic, partial loss of
CYR61 or insulin expression was found in rare tumor
regions, possibly due to de-differentiation during tumor
progression (not shown).

Next, we measured total tumor burden of each
mouse and the size of individual tumors. Analysis showed
that the total tumor burden of Rip1Tag2CYR mice was
approximately double compared to that of age-matched
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Rip1Tag2 mice (Figure 4B). By separating individual
tumors into 5 groups according to size, differences were
limited to the 2 groups with larger sizes (Figure 4C). In
fact, tumors with a surface greater than 5*10° pm? were
only observed in Rip1Tag2CYR mice. This result clearly
demonstrates that CYR61 promotes tumor growth.

CYRG61 enhances VEGF/VEGFR2-dependent
angiogenesis in f§ tumors in Rip1Tag2CYR mice

Tumor growth and progression in the RiplTag2
model is associated with tumor angiogenesis [26, 27].
We therefore characterized the vasculature in § tumors
and the exocrine pancreata of both RiplTag2 and
Rip1Tag2CYR mice. A first visual examination of CD31-
stained tumors suggested that Ripl1Tag2CYR tumors
were more vascularized compared to RiplTag2 tumors
(Figure 5A). To quantify vascularization we examined
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Figure 1: Tissue-specific expression of CYRG61 does not alter the size or number of islets of Langerhans in RiplCYR
mice. (A) Serial sections of pancreata from wild-type (WT, top row) and Ripl CYR (bottom row) mice were stained with HE, anti-insulin,
anti-CYRG61 antibodies (from left to right). Scale bar: 1 mm. (B—C) Ectopic expression of CYR61 did not change the size (B) or number (C)
of islets of Langerhans in both wild type (WT) and RiplCYR mice. Results represent mean values + SD. ns: non significant.
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four different parameters: micro-vessel density, total
vessel length, area covered by vessels and the number of
bifurcation points (Figure 5B). The higher values of all
four parameters of Rip1Tag2CYR tumors demonstrate that
tumor angiogenesis is enhanced by CYR61 expression in
the B tumors.

Tumor angiogenesis in the RiplTag2 model
largely depends on VEGF [27, 28]. To unravel whether
CYR61 enhanced angiogenesis in a VEGF-dependent or
independent manner, we treated 10 weeks old RipTag2 and
Rip1Tag2CYR mice for 10 days with the anti-VEGFR-2
blocking antibody DC101. The enhancing effect of
CYR61 on tumor angiogenesis was totally abolished by
DC101 (Figure 5C). This result demonstrated that the pro-
angiogenic effect of CYR61 in Rip1Tag2CYR mice fully
depends on an active VEGF/VEGFR-2 pathway.

A Insulin

CYRG61-promoted invasiveness of f tumors is
independent of loss of E-cadherin or infiltration
of inflammatory cells

From histological staining, we observed that there
were more irregular, invasive tumors in Rip1Tag2CYR
mice compared to RiplTag2 mice (Figures 4A and 6A).
We then classified individual tumors into 4 different
categories to assess the degree of invasiveness (see
Materials and Methods for the grading criteria). This
classification revealed that the grading distribution of
Rip1Tag2CYR tumors shifted from non- or less-invasive
tumors (Islet Tumor and Invasive Carcinoma I) to more
invasive tumors (/nvasive Carcinoma II) compared to
Rip1Tag2 mice (Figure 6B). The fraction of anaplastic
tumors, however, remained unchanged. In addition to
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Figure 2: Morphological changes of islets of Langerhans and distorted segregation of a cells in RiplCYR mice.
(A) The shape of islets, as revealed by insulin staining, was altered by transgenic expression of CYR61. Scale bar: 100 um. Percentage of
islets with irregular shape is presented by the bar graph on the right. (B) Glucagon staining revealed that the localization of a cells is altered
in the islets of RipI CYR mice. Scale bar: 100 um. Percentage of islets with altered segregation of o cells is presented by the bar graph on
the right. Results represent mean values + SD. **p < 0.01.
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histological observations, in vitro results from invasion
assay using the B tumor-derived cell line bTC3 confirmed
that cell invasion was dramatically enhanced by CYR61
overexpression (Figure 6C).

In the Rip1Tag2 model, transition from adenoma to
invasive carcinoma is associated with loss of E-cadherin
[29], which has also been implicated in the progression
of various types of human epithelial cancer and is
considered as a hallmark of increased malignancy [30].
To test whether the more invasive phenotype of  tumors
in Rip1Tag2CYR mice resulted from loss of E-cadherin,
we stained for E-cadherin in pancreata of both Rip1Tag2
and Rip1Tag2CYR mice. The staining revealed that most
of the tumors in both genotypes retained E-cadherin at
cell-cell junctions (Supplementary Figure 2A a—b) and
only rare relocalization from cell borders was observed
throughout the tumors (Supplementary Figure 2A c—d).
Furthermore, real-time PCR analysis demonstrated that
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the mRNA level of E-cadherin was not changed in the
ex vivo cultured cells derived from both Rip1Tag2 and
Ripl1Tag2CYR tumors (Supplementary Figure 2B,
right). Consistent with these results, ectopic expression
of CYRG61 in the B tumor-derived cell line bTC3 did
not impinge on E-cadherin RNA and protein levels
(Supplementary Figure 2C, 2D) or altered vimentin and
N-cadherin protein expression, two markers of EMT
(Supplementary Figure 2D). These results concur to
indicate that CYR61-enhanced tumor invasiveness is not
due to loss of E-cadherin expression.

Next, we monitored the recruitment of inflammatory
cells in the tumors, as these cells can promote tumor
angiogenesis, cell migration and invasion [31]. However,
there was no increase in the number of infiltrating
leukocytes (CD45%), monocytes (CDI11b*) or M2
macrophages (F4/80"/MRC1" or Tie2") in Rip1 Tag2CYR
versus Rip1Tag2 tumors (data not shown).
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Figure 3: CYRG61 does not affect the vasculature in the islets of Langerhans. (A) The vasculature of islets of Langerhans in
both WT and RipI CYR mice was revealed by CD31 staining. Scale bar: 100 um. (B—C) Micro-vessel density (B) and the area occupied by
vessels (C) were not altered in Ripl CYR mice compared to WT mice. Results represent mean values + SD. ns: non significant.
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CYRG61 promotes invasiveness of p tumors
through cooperation with integrin o, f3,

The observation of a cell segregation suggests that
the function of integrins might be affected by ectopic
CYR61 expression in B cells. To test this hypothesis, we
used bTC3 cells with or without CYR61 overexpression
to examine the expression and function of integrins. Flow
cytometry analyses showed that CYR61-overexpression
in bTC3 cells did not alter surface expression level of
a, o, o, B, B, and B, integrin subunits. Since B, and a, are
the most abundantly expressed subunits (Supplementary
Figure 3A), we performed an adhesion assay on the a3,
ligand laminin. CYR61 expression significantly enhanced
cell adhesion to laminin, which was blocked by pre-
incubation with either B, or o, antibody (Figure 6D).
Moreover, the same antibody treatment blocked the
enhanced invasion induced by CYR61-overexpression
(Figure 6E). Collectively, these data indicate that
CYR61-induced increased [ cell invasiveness is mediated
by augmented integrin a 3, function.
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DISCUSSION

In this paper we report the first characterization
of transgenic mice expressing human CYR61 in
the pancreatic B cells under normal (RipICYR) and
tumorigenic (Rip1Tag2CYR) conditions. While using
human CYR61 to generate transgenic mice could raise
potential concerns about its biological activity across
species, we believe that this will be unlikely the case.
CYR61 protein is highly conserved across human and
mouse. They share 92.8% sequence identity and differ
in length by only 2 amino acids (2 more in human). The
functional domains are 100% homologous and most of
the variable amino acids are located in the linker region
between the VWC and TSP-1 domains [32]. Therefore, we
expect the human CYRG61 protein to retain its functional
properties in the mouse background environment.

RipICYR mice breed normally and show only a
mild phenotype: abnormal sorting of o cells and altered
morphology of Langerhans’ islets. During mouse pancreas
development, segregation of o cells toward the islets’
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Figure 4: CYR61 promotes growth of  cell-derived tumors. (A) Serial sections of pancreata from Rip1Tag2 (top row) and
Rip1Tag2CYR (bottom row) mice were anti-insulin, anti-CYR61 antibodies (from left to right). Scale bar: 1 mm. (B) Tumor burden (total
tumor area) of each mouse was quantified using Image J software. (C) Tumors were categorized into 5 groups according to tumor size.
Tumors in the Rip1 Tag2CYR mice were significantly larger. Results represent mean values + SD. *p < 0.05; ****p < 0.0001.
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periphery begins at 17.5-18 days post coitum and continues
until 4-5 weeks of age [33]. Histological staining of o cells
in 13-week old RiplCYR mice revealed that about 30% of
the islets have abnormal o cell distribution. The same distorted
phenotype was reported in 3 cell-specific transgenic mice with
deficiency of integrin 3,, N-CAM or with impaired E-cadherin
function [34-36]. In our model, CYR61-overexpressing bTC3
cells showed increased cell adhesion and migration capacities
(Figure 6D-6E) suggesting that the activity of B, and
a, integrins might be enhanced in the 8 cells of Rip] CYR mice.
Therefore, we hypothesize that positively or negatively altering
the adhesive balance of B cells might affect the interaction
between o and B cells resulting in perturbed o cell guidance
to or retention at the islets periphery. Further experiments are
needed to unravel how exactly enhanced CYR61 expression in
B cells affect sorting of o cells.

s

On the other hand, the enhanced integrin activity is
consistent with our observations of irregular and invasive
morphologies in islets of RiplCYR mice and B tumors
of Rip1Tag2CYR mice. Moreover, the presence of larger
tumors in the Rip1Tag2CYR mice (Figure 4) further
supports the notions of enhanced integrin function by
CYRG61 expression, since B tumors lacking integrin 3, are
smaller than control tumors [34]. Therefore, we conclude
that integrin gain-of-function is involved in the invasive
phenotypes observed in islets and tumors in Ripl CYR and
Rip1Tag2CYR mice, respectively.

Interestingly, transgenic expression of CYRG6I
in RiplCYR mice did not induce B cell hyperplasia or
B tumor formation (mice were monitored up to 18
months) even though CYRG61 expression has been
linked to enhanced cell proliferation and tumorigenesis
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Figure 5: CYR61 enhances VEGF-dependent tumor angiogenesis in § cell-derived tumors. (A) The vasculature of  tumors
in Rip1Tag2 and Rip1Tag2CYR mice was revealed by CD31 staining. Scale bar: 100 pm. (B) Tumor angiogenesis was evaluated by 4
parameters: micro-vessel density, total vessel length, area covered by vessels and number of bifurcation points. All four parameters are
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[4]. Rip1Tag2CYR mice, however, have larger tumors
compared to Rip1Tag2 mice. These observations indicate
a tumor promoting rather then a tumor initiating function
of CYR61. CYRGOI expression is insufficient to bypass
intact cell cycle checkpoints to initiate § cell proliferation.
Only when cell cycle checkpoints are compromised, as it
occurs in Rip1Tag2 tumors through the inhibition of p53
and Rb functions by the large T antigen, CYR61 has a
tumor promoting effect resulting in a higher tumor burden.

Besides tumor size, a similar ancillary effect of
CYR61 was observed on tumor angiogenesis. Previous
studies have implicated CYR61 as a major physiological
mediator of vascular development. This conclusion was
mainly based on in vitro studies on endothelial cells [7]
and in vivo studies using Cyr6/-null mice [25]. However,
the detailed mechanism of how CYR61 modulates
vascular formation in vivo is still unclear. We found that
transgenic expression of CYR61 did not alter vasculature
in the islets of RiplCYR mice, but was able to enhance
tumor-induced angiogenesis in Rip1Tag2CYR mice.
Since tumor angiogenesis in Rip1Tag2 model is mainly
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dependent on the VEGF pathways [27, 28], we treated
Rip1Tag2 and Rip1Tag2CYR mice with DC101 to block
VEGF/VEGFR-2 signaling. DC101 treatment suppressed
angiogenesis in Rip1 Tag2CYR mice to the same extent as
in Rip1Tag2 mice, indicating that the angiogenic activity
of CYR61 was dependent on the VEGF/VEGFR-2 axis.
While our findings do not dispute the essential role of
CYR61 in vascular development obtained from gene
deletion studies, they clearly indicate that CYR61
itself as an ancillary role in promoting angiogenesis:
CYRG61 expression alone is not sufficient to induce
de novo angiogenesis (i.e. in Ripl CYR mice). However,
when angiogenesis is already induced, as it occurs in
hyperplastic islets and tumors in RiplTag2CYR mice,
ectopic CYR61 expression further enhances it.

In conclusion, our results provide the first evidence
that CYRG61 alters the architecture (B cell protrusion) and
affects a cell sorting in normal islets in RiplCYR mice,
while it promotes growth and invasion of insulinoma
in the Ripl1Tag2 model. These effects might be due to
increased activity of integrin a f3,. Ectopic expression of
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Figure 6: CYR61 enhances B tumor cell invasiveness via integrin o f,. (A) Serial sections of § tumors with similar size from
Rip1Tag2 (top row) and Rip1 Tag2CYR (bottom row) mice were stained with HE and for insulin to show irregular borders and invasiveness.
Scale bar: 200 pm. (B) Beta tumors were categorized into 4 grades according to invasiveness: Islet Tumor, non invasive (benign); Invasive
Carcinoma (IC1) I, minimally invasive; Invasive Carcinoma II (IC2), highly invasive; Anaplastic Tumor. CYR61 caused a decrease of
non-invasive and an increase of highly invasive tumors. (C) Representative pictures showing bTC3 cell invasion in vitro. Mock: empty
vector control. hCYR: overexpression of human CYR61. (D) CYR61 overexpression in bTC3 cells enhances cell adhesion on laminin.
The effect was blocked by pre-incubation of anti-, or anti-a, integrin antibody. Hamster IgG and Rat IgG were used as isotype control.
(E) Treatment with anti-B, and anti-o, integrin antibodies significantly blocked the enhanced invasiveness of hCYR-overexpressing bTC3
cells. Isotype controls are shown in Supplementary Figure 4. Results represent mean values + SD. *p < 0.05; **p < 0.01; ****p < 0.0001.
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CYRO61 does not initiate angiogenesis in quiescent islets
but enhances VEGF-dependent tumor angiogenesis in
insulinoma. Taken together, these observations demonstrate
that CYR61 acts as a tumor-promoting gene in pancreatic
neuroendocrine tumors.

MATERIALS AND METHODS

Transgenic mouse lines

Animal experiments were approved by the Cantonal
Office in Fribourg (FR 2011 34 FR) and performed
according to federal regulations. RiplCYR transgenic
mice were generated following standard procedures [37].
The transgene was constructed by cloning a 1620 bp cDNA
fragment containing the human CYR6/ ORF (1146 bp)
between the 695-bp Bam HI/Xbal fragment of the rat insulin
gene 1l promoter and a 436-bp DNA fragment containing
the SV40 small t antigen intron and polyadenylation signal.
PCR primers for Ripl CYR heterozygotes genotyping were:
CYR-F: 5-GTCTCAGTCGAGGTGAGGACACAG-3'.
CYR-R: 5'-GATGCGGGAGCTCATTGTGGC-3". Amplicon:
650 bp. PCR cycles were: 95°C, 5 min (1x); 95°C, 30 sec,
60°C, 30 sec, 72°C, 1 min (35x); and 72°C, 5 min (1x).
Generation and phenotypic characterization of Rip1 Tag2 mice
was performed as described previously [24]. PCR primers
for RiplTag2 heterozygotes genotyping were: Tag2-F:
5'-GGACAAACCACAACTAGAATGCAG-3'. Reverse:
5'-CAGAGCAGAATTGTGGAGTGG-3". Amplicon: 500
bp, PCR cycles were: 95° C, 5 min (1x); 94°C, 30 sec, 53°C,
30 sec, 72°C, 40 sec (35x); and 72°C, 10 min (1x). Both
RipICYR and Ripl1Tag2 mice were kept in the C57Bl/6
background. RipICYR transgenic mice were maintained for
up to 18 months while Rip1Tag2, and Rip1 Tag2CYR mice
were maintained until 14 weeks of age.

In vivo anti-VEGFR2 treatment

For anti-VEGFR-2 treatment, 10-week old Rip1Tag2
and Rip1Tag2CYR mice were randomly grouped and
injected with 1 pg of DC101 (BioXCell, West Lebanon,
NH, #BE0060) or isotype control IgG (BioXCell,
#BEO0088) at Day 1, 5, 8. Mice were sacrificed at Day 10.

Immunohistochemical staining

Tissue sections were heated in Tris-EDTA buffer
to retrieve antigen epitopes, blocked by 10% normal
goat serum and Avidin/Biotin blocking reagent (Vector
Laboratories, Burlingame, CA) and stained with the
following primary antibodies at 4°C overnight: anti-

insulin (DAKO, Baar, Switzerland, #A0564), anti-CYR61
(Santa Cruz Biotechnology, Inc., Heidelberg, Germany,
#sc13100), anti-glucagon (DAKO, #A0565), anti-CD31
(Neomarkers Inc, Fremont, CA, #RB-10333-P), anti-E-
cadherin (BD Biosciences, Basel, Switzerland, #610182).
Sections were incubated with biotinylated secondary

antibodies followed by Vectastain ABC Kit (Vector
Laboratories). DAB peroxidase substrate (Sigma-Aldrich,
Buchs, Switzerland) was used to reveal the signal from
antibody-peroxidase complex. Sections were counterstained
with hematoxylin before mounting.

Image analysis

Size of islets of Langerhans and p tumors

H&E stained sections were scanned and the
area of islets or tumors were determined using Image J
software (NIH, Bethesda, MD). The average size of islets
obtained from wild type and RiplCYR mice were used
to exclude normal islets in the pancreata of Rip1Tag2 and
Rip1Tag2CYR mice.

Tumor grading

Islet Tumor: tumors with no invasive protrusion;
Invasive Carcinoma I: tumors with one invasive front and
residual epithelial organization; Invasive Carcinoma II:
tumors with multiple (i.e. > 2) invasive fronts and highly
invasive morphology; and Anaplastic Tumor, tumors with
atypical nuclei and high nucleus/cytoplasm ratio.

Vasculature parameters

Tissue sections were stained with endothelial cell
marker CD31. Chalkley grid [38] was used to evaluate
micro-vessel density in f tumors (Figure 5B). In [ islets
(Figure 3B) and B tumors with DC101 treatment (Figure 5C),
micro-vessel density was determined by normalizing vessel
numbers with area. Total length of vessels, area covered
by vessels and the number of bifurcation points, were
determined using Image J.

Western blot

Whole pancreata were lysed in RIPA buffer by
TissueLyser LT (Qiagen, Hilden, Germany). Lysates
were loaded to SDS-polyacrylamide gels and transferred
to Immobilon-P membranes (Millipore, Billerica,
MA). Blots were sequentially incubated with 5% BSA,
primary antibody (CYR61: Santa Cruz Biotechnology;
GAPDH: Sigma-Aldrich; E-cadherin and N-cadherin: BD
Biosciences; Vimentin: DAKO), HRP-labeled secondary
antibody (DAKO). Signals were revealed with Luminata

Western HRP  Substrate (Millipore, Schafthausen,
Switzerland) and detected with X-Ray films.

Real time RT-PCR

Whole pancreata were lysed in TriPure Isolation
Reagent (Roche, Mannheim, Germany) by using
TissueLyser LT. Total RNA was isolated according to
manufacturer’s instruction. For cDNA synthesis, up to
5 mg of total RNA was mixed with Superscript First
Strand Synthesis Kit (Invitrogen, Life Technologies,
Basel, Switzerland). Real-time PCR was done by using
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KAPA SYBR FAST Universal 2x qPCR Master Mix kit
(Kapa Biosystems, Boston, MA) on the Step One Plus Real-
Time PCR System (Applied Biosystems, Life Technologies).
Dissociation curve of each reaction was checked to determine
the purity of the PCR products. Relative Ct values of target
genes to housekeeping gene (36B4) were calculated to compare
the expression level between samples. All PCR reactions were
done in triplicate. Primer sequences are as following: Human
CYR61: Forward: 5'-ACGCTGGATGTTTGAGTGTG-3'.
Reverse: 5-TGTAGAAGGGAAACGCTGCT-3". Mouse
CYR61: Forward: 5-GAACCGCGAGTTCTTTTCAA-3'.
Reverse: 5-AGGACGCACTTCACAGATCC-3'. Mouse
E-cadherin: Forward: 5-CAAGGACAGCCTTCTTTTCG-3'.
Reverse: 5-TGGACTTCAGCGTCACTTTG-3". Mouse
36B4: Forward: 5-GTGTGTCTGCAGATCGGGTAC-3'.
Reverse: 5-CAGATGGATCAGCCAGGAAG-3'.

Generation of ex vivo cultured f§ tumor cell lines

Beta tumors were excised from pancreas, minced
into small pieces, transferred into tubes with medium
and let stand for 1 minute for the bigger tissue fragments
to pellet. Supernatant was then transferred to new tubes
and let stand for 15 minutes. Finally, supernatant and
pellet were carefully separated and serially diluted into
individual wells of a 6-well plate. DMEM medium with
10% FBS was changed every 2-3 days.

Overexpression of CYR61 in the bTC3 cell line

The bTC3 cell line, provided by Dr. Hanahan
[27], was maintained in DMEM with 10% FBS and
sub-cultured every 3—4 days. CYR61 overexpression
was achieved through lentiviral transduction. Cells
were incubated with lentivirus-containing supernatant
supplemented with 10% complete DMEM and 8 pg/mL
polybrene for 6 hours. Afterwards, medium was replaced
with fresh culture medium and the cells were kept for 2
days before puromycin selection.

Flow cytometry

Cells were trypsinized, recovered in serum-free
medium at 37°C for 1 hour, and blocked with anti-mouse
CD16/CD32 antibodies (BD Biosciences). Fluorochrome-
conjugated integrin antibodies were diluted 1:50 and
the staining was performed on ice for 30 minutes. Cells
were washed twice and applied to FACSCalibur (Becton
Dickinson, Mountain View, CA). Results were analyzed
using FlowJo software (Ashland, OR).

Invasion assay

A modified flow-driven transwell migration system
was adopted as previously described [39]. Cells mixed
with 1.2 mg/mL of Rat Tail Collagen I (BD Biosciences)
and 10% growth factor-reduced matrigel (BD Biosciences)

were placed to the upper part of Transwell inserts
(8 um pore size, BD Biosciences) and incubated at
37°C for 1 hour to solidify the cell-matrix mixture.
150 pL serum-free DMEM was loaded to the lower part
of the chamber. 650 uL serum-free DMEM was added on
top of the gel to create a hydrostatic pressure mimicking
interstitial flow. After overnight incubation, non-migrated
cells and the gel were carefully removed with cotton
swabs. Migrated cells on the other side were fixed with
4% PFA and stained by crystal violet. Five fields per insert
were photographed to cover the vast area of whole insert.
The representative data from one of the three independent
experiments are shown.

Adhesion assay

Coverslips were coated with 10 pg/mL of laminin at
37°C for 3 hours, followed by 1 hour of blocking at 37°C
with 1% BSA. Cells re-suspended in serum-free medium
were blocked with anti-mouse CD16/CD32 antibodies
(BD Biosciences, #553142) and then treated with 5 pug/mL
of integrin blocking antibodies (B, integrin: Biolegend, San
Diego, CA, #102201; o, integrin: Biolegend, #313602) or
isotype control IgG (Hamster IgG: Biolegend, #400901;
Rat IgG: Biolegend, #400501) for 15 minutes before
seeding on laminin-coated coverslips. After 1 hour of
adhesion at 37°C, unattached cells were washed away with
PBS. Adhered cells were fixed by 4% PFA and random
fields were chosen to take pictures for quantification.
Representative results from three independent experiments
are shown.

Statistical analysis

Results were expressed as mean + SD. For most
experiments, the statistical validation was performed
by Mann-Whitney test. Two-way ANOVA was used
to analyze the results of tumor grading (Figure 4B).
P-value < 0.05 was considered statistically significant.
*p <0.05; ¥*p <0.01; ***p < 0.001; ****p <0.0001.

ACKNOWLEDGMENTS

We would like to thank Dr. L. Lau for providing
the human CYR61 cDNA, Dr. D. Hanahan for providing
the bTC3 cell line, Dr. P. Capraro for subcloning plasmid
construction, Dr. F. Beerman for Pronuclear DNA
injection, L. Li for initial mice screening and breeding,
M. L. Ponsonnet for mice genotyping and breeding, J.J.
Stehle and J. Horlbeck for help with tissue staining.

FINANCIAL SUPPORT

This work was supported by grants from
the Medic Foundation (to CR), the Swiss Cancer
League (Grant OCS 020020-02-2007 (to CR), Swiss

www.impactjournals.com/oncotarget

1672

Oncotarget



National Science Foundation 31003A-159824/1 (to
CR), and CCRP OCS-01812-12-2005 to CR and
GC), and the National Center of Competence in
Research (NCCR) Molecular Oncology, a research
instrument of the Swiss National Science Foundation
(to CR and GC).

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

REFERENCES

10.

11.

12.

Lorusso G, Riiegg C. The tumor microenvironment and
its contribution to tumor evolution toward metastasis.
Histochem Cell Biol. 2008; 130:1091-1103.

Chong HC, Tan CK, Huang RL, Tan NS. Matricellular
proteins: a sticky affair with cancers. J Oncol. 2012;
2012:351089.

. Holbourn KP, Acharya KR, Perbal B. The CCN family of

proteins: structure-function relationships. Trends Biochem
Sci. 2008; 33:461-473.

Dhar A, Ray A. The CCN family proteins in carcinogenesis.
Exp Oncol. 2010; 32:2-9.

Chen Y, Du XY. Functional properties and intracellular
signaling of CCNI1/Cyr61. J Cell Biochem. 2007;
100:1337-1345.

Lau LF. CCN1/CYR61: the very model of a modern
matricellular protein. Cell Mol Life Sci. 2011; 68:3149-3163.
Leu SJ, Lam S, Lau LF. Pro-angiogenic activities of CYR61
(CCNI1) mediated through integrins avf3 and o, in
human umbilical vein endothelial cells. J Biol Chem. 2002;
277:46248-46255.

. Tsai MS, Bogart DF, Castaneda JM, Li P, Lupu R. Cyr61

promotes breast tumorigenesis and cancer progression.
Oncogene. 2002; 21:8178-8185.

O’Kelly J, Chung A, Lemp N, Chumekova K, Yin D,
Wang HJ, Said J, Gui D, Miller CW, Karlan BY,
Koeffler HP. Functional domains of CCN1 (Cyr61) regulate
breast cancer progression. Int J Oncol. 2008; 33:59-67.
Lin MT, Kuo IH, Chang CC, Chu CY, Chen HY, Lin BR,
Sureshbabu M, Shih HJ, Kuo ML. Involvement of hypoxia-
inducing factor-lalpha-dependent plasminogen activator
inhibitor-1 up-regulation in Cyr61/CCNI1-induced gastric
cancer cell invasion. J Biol Chem. 2008; 283:15807—15815.

Lin BR, Chang CC, Chen LR, Wu MH, Wang MY,
Kuo IH, Chu CY, Chang KJ, Lee PH, Chen WJ, Kuo ML,
Lin MT. Cysteine-rich 61 (CCN1) enhances chemotactic
migration, transendothelial cell migration, and intravasation
by concomitantly up-regulating chemokine receptor 1 and 2.
Mol Cancer Res. 2007; 5:1111-1123.

Gery S, Xie D, Yin D, Gabra H, Miller C, Wang H,
Scott D, Yi WS, Popoviciu ML, Said JW, Koeffler HP.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ovarian carcinomas: CCN genes are aberrantly expressed
and CCNI1 promotes proliferation of these cells. Clin
Cancer Res. 2005; 11:7243-7254.

Xie D, Yin D, Tong X, O’Kelly J, Mori A, Miller C,
Black K, Gui D, Said JW, Koeffler HP. Cyr61 is
overexpressed in gliomas and involved in integrin-linked
kinase-mediated Akt and B-catenin-TCF/Lef signaling
pathways. Cancer Res. 2004; 64:1987—-1996.

Young N, Van Brocklyn JR. Roles of sphingosine-1-
phosphate (S1P) receptors in malignant behavior of glioma
cells. Differential effects of S1P2 on cell migration and
invasiveness. Exp Cell Res. 2007; 313:1615-1627.

Xie D, Nakachi K, Wang H, Elashoff R, Koeffler HP.
Elevated levels of connective tissue growth factor, WISP-1,
and CYR61 in primary breast cancers associated with more
advanced features. Cancer Res. 2001; 61:8917-8923.

Lin MT, Zuon CY, Chang CC, Chen ST, Chen CP, Lin BR,
Wang MY, Jeng YM, Chang KJ, Lee PH, Chen WJ, Kuo ML.
Cyr61 induces gastric cancer cell motility/invasion
via activation of the integrin/nuclear factor-kappaB/
cyclooxygenase-2 signaling pathway. Clin Cancer Res.
2005; 11:5809-5820.

Xie D, Yin D, Wang HJ, Liu GT, Elashoff R, Black K,
Koeffler HP. Levels of expression of CYR61 and CTGF
are prognostic for tumor progression and survival
of individuals with gliomas. Clin Cancer Res. 2004;
10:2072-2081.

Tong X, O’Kelly J, Xie D, Mori A, Lemp N, McKenna R,
Miller CW, Koeffler HP. Cyr61 suppresses the growth of
non-small-cell lung cancer cells via the beta-catenin-c-
myc-pS53 pathway. Oncogene. 2004; 23:4847-4855.

Chen PP, Li WJ, Wang Y, Zhao S, Li DY, Feng LY, Shi XL,
Koeffler HP, Tong XJ, Xie D. Expression of Cyr61, CTGF,
and WISP-1 correlates with clinical features of lung cancer.
PLoS One. 2007; 2:e534.

Chien W, Kumagai T, Miller CW, Desmond JC, Frank JM,
Said JW, Koeffler HP. Cyr61 suppresses growth of
human endometrial cancer cells. J Biol Chem. 2004;
279:53087-53096.

Li ZQ, Ding W, Sun SJ, Li J, Pan J, Zhao C, Wu WR,
Si WK. Cyr61/CCNI1 is regulated by Wnt/B-catenin
signaling and plays an important role in the progression of
hepatocellular carcinoma. PLoS One. 2012; 7:¢35754.

Feng P, Wang B, Ren EC. Cyr61/CCNI1 is a tumor
suppressor in human hepatocellular carcinoma and involved
in DNA damage response. Int J Biochem Cell Biol. 2008;
40:98-109.

Watari H, Xiong Y, Hassan MK, Sakuragi N. Cyr61, a
member of ccn (connective tissue growth factor/cysteine-
rich 61/nephroblastoma overexpressed) family, predicts
survival of patients with endometrial cancer of endometrioid
subtype. Gynecol Oncol. 2009; 112:229-234.

WWW

.impactjournals.com/oncotarget

1673

Oncotarget



24.

25.

26.

27.

28.

29.

30.

31.

32.

Hanahan D. Heritable formation of pancreatic beta-cell
tumours in transgenic mice expressing recombinant insulin/
simian virus 40 oncogenes. Nature. 1985; 315:115-122.
Mo FE, Muntean AG, Chen CC, Stolz DB, Watkins SC,
Lau LF. CYR61 (CCNI1) is essential for placental development
and vascular integrity. Mol Cell Biol. 2002; 22:8709-8720.

Folkman J, Watson K, Ingber D, Hanahan D. Induction
of angiogenesis during the transition from hyperplasia to
neoplasia. Nature. 1989; 339:58-61.

Gannon G, Mandriota SJ, Cui L, Baetens D, Pepper MS,
Christofori G. Overexpression of vascular endothelial
growth factor-A165 enhances tumor angiogenesis but not
metastasis during beta-cell carcinogenesis. Cancer Res.
2002; 62:603-608.

Casanovas O, Hicklin DJ, Bergers G, Hanahan D. Drug
resistance by evasion of antiangiogenic targeting of VEGF
signaling in late-stage pancreatic islet tumors. Cancer Cell.
2005; 8:299-309.

Perl AK, Wilgenbus P, Dahl U, Semb H, Christofori G. A
causal role for E-cadherin in the transition from adenoma to
carcinoma. Nature. 1998; 392:190-193.

Huber MA, Kraut N, Beug H. Molecular requirements
for epithelial-mesenchymal transition during tumor
progression. Curr Opin Cell Biol. 2005; 17:548-558.
Condeelis J, Pollard JW. Macrophages: obligate partners for
tumor cell migration, invasion, and metastasis. Cell. 2006;
124:263-266.

Jay P, Bergé-Lefranc JL, Marsollier C, Méjean C, Taviaux S,
Berta P. The human growth factor-inducible immediate
early gene, CYR61, maps to chromosome 1p. Oncogene.
1997; 14:1753-1757.

33.

34.

35.

36.

37.

38.

39.

Herrera PL, Huarte J, Sanvito F, Meda P, Orci L,
Vassalli JD. Embryogenesis of the murine endocrine
pancreas; early expression of pancreatic polypeptide gene.
Development. 1991; 113:1257-1265.

Kren A, Baeriswyl V, Lehembre F, Wunderlin C,
Strittmatter K, Antoniadis H, Fiassler R, Cavallaro U,
Christofori G. Increased tumor cell dissemination and
cellular senescence in the absence of betal-integrin
function. EMBO J. 2007; 26:2832-2842.

Esni F, Taljedal IB, Perl AK, Cremer H, Christofori G,
Semb H. Neural cell adhesion molecule (N-CAM) is
required for cell type segregation and normal ultrastructure
in pancreatic islets. J Cell Biol. 1999; 144:325-337.

Dahl U, Sjedin A, Semb H. Cadherins regulate aggregation
of pancreatic beta-cells in vivo. Development. 1996;
122:2895-2902.

Hogan B, Beddington R, Costantini F, Lacy E.
Manipulating the mouse embryo: a laboratory manual,
3rd edition. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY, 2003.

Hansen S, Grabau DA, Serensen FB, Bak M, Vach W,
Rose C. The prognostic value of angiogenesis by Chalkley
counting in a confirmatory study design on 836 breast
cancer patients. Clin Cancer Res. 2000; 6:139—-146.

Li L, Hanahan D. Hijacking the neuronal NMDAR
signaling circuit to promote tumor growth and invasion.
Cell. 2013; 153:86—-100.

www.impactjournals.com/oncotarget

1674

Oncotarget



