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Cyr61 is a target for heparin in reducing MV3 melanoma cell adhesion

and migration via the integrin VLA-4
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Summary

The integrin VLA-4 is important for the metastatic dissemination of
melanoma cells. We could recently show that heparin can block VLA-4
binding, which contributes, next to blocking P- and L-selectin, to the
understanding of antimetastatic activities of heparin. The matricellular
ligand Cyr61, secreted by numerous tumours, is responsible for in-
creased tumourigenicity and metastasis. This has been attributed to
Cyr61 binding to, and thus activating integrins. However, a VLA-
4/Cyr61 axis has not yet been reported. Since Cyr61 possesses heparin
binding capabilities, Cyr61 can be supposed as potential target for he-
parin to indirectly interfere with integrin functions. The present in vitro
studies address (i) the existence of a Cyr61/VLA-4 axis and (ii) the
functional relevance of heparin interference via Cyr61. The C-terminal
module Il of Cyr61 could be exposed as nanomolar affine binding site
for VLA-4. A shRNA-based knockdown of Cyr61 in MV3 human mel-
anoma cells reduced VLA-4-mediated cell binding to VCAM-1, mi-
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Introduction

Cysteine-rich protein 61 - Cyr61 (CCN-1) is one of the six
members of the CCN family of matricellular proteins (1). These
secreted proteins possess a non-structural role in modulating the
cell-extracellular matrix (ECM) interaction and thus exert regula-
tory functions via a variety of molecular mechanisms in a non-re-
dundant and cell-specific manner. Like all CCN proteins, Cyr61 is
formed by four characteristic domain structures comprising an
N-terminal insulin growth factor domain, a von Willebrand factor
C domain, a thrombospondin-1 homology domain (TSP1) and a
cysteine knot-containing C-terminal domain (2-4).

Although the specific function of Cyr61 in cancer remains contro-
versial (3), numerous studies confirm that Cyr61 provides signals
for increased tumourigenicity and cell proliferation and supports
tumour cell activities in the metastatic cascade, such as migration,
angiogenesis, escape of the immune surveillance and survival of
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gration on fibronectin, and integrin signalling functions significantly.
Using a biosensor approach we provide insight into heparin interfer-
ence with this process. The low-molecular-weight heparin tinzaparin,
but not the pentasaccharide fondaparinux, binds module IV of Cyr61
with micromolar affinity. But tinzaparin cannot interfere with Cyr61
accumulation onto syndecan-4, indicating different Cyr61 binding
sites for heparin and other GAGs. Nonetheless, tinzaparin affects the
VLA-4 binding and signalling functions selectively via Cyr61 already at
very low concentration most likely by blocking the cellular secreted
free Cyr61. This study emphasises Cyr61 as promising, and hitherto
not considered target for heparin to selectively influence integrin func-
tions.
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anoikis (5, 6). An aberrant expression of Cyr61 has been reported
in various human tumour entities, and elevated Cyr61 levels have
been correlated with advanced adenocarcinoma, pancreatic
cancer, and glioma (7, 8).

Many of these activities arise through a direct binding of Cyr61
after its cellular secretion to distinct subtypes of integrins. Inte-
grins are o/ heterodimeric adhesion receptors with ubiquitary
cellular expression patterns and different functions in cell/cell and
cell/ECM communication and signalling.

The Cyr61-integrin connection has first been demonstrated by
the binding of Cyr61 to integrin avp3 to mediate endothelial cell
adhesion and migration (9). This interaction has also been shown
to be responsible for enhanced tumourigenicity and proliferation
of glioma by activating integrin-linked kinases (7) or for the regu-
lation of breast cancer proliferation (10) mediated through the
focal adhesion kinase (FAK)/PI3K/PKB signalling pathway (11).
The Cyr61 interaction with further integrins, such as avp5 (12),
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a6p1 (13, 14), aMP2 (15) has been related to cellular adhesion, mi-
gration, chemotaxis and proliferation. The a2$1-mediated perito-
neal dissemination of gastric cancer cells could be correlated with
Cyr61 levels (16). A more comprehensive summary of Cyr61/inte-
grin interactions with relevance to tumourigenicity is given as
Suppl. Table 1 (available online at www.thrombosis-online.com).

Interestingly, the binding sites within the Cyr61 molecule for
the diverse integrins are different (2). Concluding, the growing in-
sight into the Cyr61/integrin axis makes Cyr61 attractive as a tar-
get for interference with various tumour activities.

However, other members of the integrin familiy with potential
importance in the metastatic process of tumours have not been re-
lated to Cyr61 activities. For example, a regulation of the integrin
a4PB1/VLA-4 by Cyr61, to our knowledge, has not yet been re-
ported. VLA-4 is not only a vital receptor on certain leukocytes,
but is also expressed by different tumour entities. In case of mel-
anoma cells, VLA-4 was shown to contribute dominantly to the
metastatic dissemination in the body (17-19). Therefore, the at-
tenuation of the VLA-4 binding to the endothelial ligand VCAM-1
appears promising to block metastatic dissemination of melanom-
as.

In this regard, we have recently demonstrated that heparin can
block VLA-4 mediated melanoma cell binding activities (20). In
light of the effort to explain the potential antimetastatic activities
of heparin in numerous preclinical approaches (21) and selected
clinical trials (22), this finding could contribute to the understand-
ing of anti-adhesive functions of heparin in addition to the well es-
tablished blocking activities on P- and L-selectin (21, 23, 24).

Interestingly, the structure of Cyr61 incloses a potential heparin
binding site in the TSP1 domain, which is related to the ECM
binding characteristics of Cyr61 (25). The heparin binding site,
next to a further GAG binding site of Cyr61 could also contribute
to Cyr61 accumulation at the cell surface after secretion by bind-
ing to HSPGs, most likely syndecan-4 (SDC-4) (14). Conse-
quently, heparin could bind to secreted Cyr61 and interfere with
the cellular accumulation and integrin activation. Although a po-
tential blockade of Cyr61 activities by heparin has been reported
(26), direct inhibitory approaches and detailed data on heparin/
Cyr61 binding do not exist. However, the potential of heparin as
Cyr61 inhibitor warrants further investigations in this field.

The aim of this study is to shed light on a potential VLA-
4/Cyr61 axis in melanoma cell binding to evaluate, whether anti-
adhesive heparin effects on this integrin are partly related to a
blockade of the Cyr61 activation. This should open a view on
Cyr61 as novel potential target for heparin in anti-cancer ap-
proaches.

Therefore, we selected the VLA-4 dependent metastatic human
melanoma cell line MV3, created a Cyr61 knockdown clone by
shRNA and compared their VLA-4 activities in cell binding and
migration in in vitro assays with respect to heparin inhibition. We
provide evidence that the VLA-4 mediated binding and migration
of MV3 is controlled by Cyr61. Supplemented by biosensor-based
binding affinity measurements of Cyr61 to heparin, SDC-4, and
VLA-4, we explain the ability of heparin to block Cyr61 and postu-
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late a mechanistic model. These findings justify Cyr61 as novel at-
tractive target for heparin in term of antimetastatic approaches.

Materials and methods
Chemicals and proteins

Recombinant human (rh) VCAM-1-Fc chimera, rh VLA-4 (his-
tag) and rh syndecan-4 (histag) (SDC-4) were purchased from
R&D Systems (Wiesbaden, Germany). Fibronectin was from
Roche Diagnostics GmbH (Mannheim, Germany), bovine serum
albumin (BSA), cyanuric chloride, heparitinase I, and chondroiti-
nase (ABC from Proteus Vulgaris) were from Sigma-Aldrich (Dei-
senhofen, Germany). Chloroform was obtained from Riedel-de
Haen (Seelze, Germany). DPPC (1,2-dipalmitoyl-sn-glycero-
3-phosphocholine) and DOGS-NTA(Ni) (1,2-dioleoyl-sn-glyce-
ro-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl]
(nickel salt) were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). Tinzaparin was from Leo Pharma GmbH (Neu Isen-
burg, Germany). A commercial preparation from pig mucosa
(Laboratori Derivati Organici, Trino Vercellese, Italy; molecular
weight 18,000) was used for the formulation of the following hepa-
rin derivatives: Partially (50%) 2-O-desulfated (20-DS-H, molec-
ular weight about 16,000); N-acetylated heparin 100% (NAc-H,
molecular weight about 16,000); as described in details recently
(27). All samples were recovered after desalting by freeze-drying
and characterised by NMR spectroscopy.
All salts and buffers were of analytical grade.

Production of rCyr61

SE-21 caterpillar (lepidopteran) derived cells were used to express
recombinant Cyr61 as Fc-tagged protein (rCyr61) (28). The rec-
ombinant vector was mixed with linearised DNA which contains a
modified Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) genome. SF-21 cells were transfected according to the
supplier’s information in six-well plates. From two rounds of trans-
duction and amplification, aliquots were prepared and stored at
-20°C for further purifications of the protein. To purify the rCyr61
protein, protein G sepharose (1 ml) columns were used. Columns
were equilibrated with phosphate-buffered saline (PBS) (pH 7),
the supernatant was applied (volumes between 15-45 ml) at a flow
rate of 2 ml per minute (min). Columns were washed with 10-fold
column volumes of PBS, and the protein was eluted with elution
buffer (0.1 M glycine, pH 2.5). Thereafter eluted fractions were
neutralised using 3 M Tris/HCL pH 8. The purity of the protein
was checked by silver gel electrophoresis and Western blotting as
described previously (28). In addition, mutated proteins were
similarly purified from supernatants of SF-21 cells transduced
with a construct that lacked exon 5 of the Cyr61 sequence corre-
sponding to a recombinant protein lacking C-terminal domain IV
(rCyr61 MI-MIII-Fc), or lacking domains IIT and IV (rCyr61 MI-
MII-Fc) or domains IT, IIT, and IV (rCyr61 MI-Fc).
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Cell culture

The human melanoma cell line MV3 was cultured in RPMI 1640
medium containing 10% fetal calf serum (FCS) as described re-
cently (19). For decreasing the Cyr61 expression in MV3 cells,
shRNA-technique was used for stable downregulation. MV3 cells
were transfected by using a commercial shRNA-plasmid (Mission®
shRNA, Sigma-Aldrich), which was recovered by Maxi-Prep
(Sigma- Aldrich) of Escherichia coli. Lipid-based transfection of the
cells was carried out by using FuGene®6 (Roche Applied Science),
efficient DNA-lipid concentration has previously been tested by
GFP-plasmid transfection. After transfection, cells stably express-
ing antiCyr61-shRNA were selected under permanent puromycin
treatment. Cyr61 expression of MV3 cells was measured by flow
cytometry (FACS Calibur, BD Heidelberg, Germany) using an
antiCyr61 mAb (SantaCruz Biotechnology Inc., Heidelberg, Ger-
many) after cell permeabilisation using Tween20 and detecting a
FITC coupled antiFc antibody.

SDS-PAGE and Western blotting

For protein separation, MV3 wild-type (MV3wt), aCyr61MV3
clone cells, and clone cells of a non-target sShRNA-plasmid were
lysed by a commercial cell extraction buffer (Invitrogen) supple-
mented with phenylmethanesulfonylfluoride (PMSF) and protease
inhibitor cocktail according to manufacturer s instructions. Total
protein yield was determined by amido black assay (29). SDS-
PAGE was performed as described (30). Separated proteins were
transferred to polyvinyldifluorid membranes using a tank blot sys-
tem at 100 V, 350 mA for 60 min. After blocking unspecific bind-
ing sites on the membrane with a solution of 5% skim milk protein
in TBS with 0.2% tween, Cyr61 was detected using antiCyr61 mAb
and anti mouse-IgG-HRP (Calbiochem) as a secondary antibody.
Chemiluminescence was detected after treating the membrane
with Immun-Star™ WesternC™ chemiluminescence kit (BioRad)
according to manufacturer s protocol.

Flow chamber assay

To determine adhesive interactions of MV3wt and aCyr61MV3
clone cells with the ligand VCAM-1 under physiological flow con-
ditions, glass slides were coated with 0.2 ug VCAM-1 Fc chimera
and subsequently incorporated into a parallel plate flow chamber
as described (31) using an inverted microscope and PBS as flow
medium at a shear rate of about 200 s™.

Experiments were performed after treatment of 1x106 MV 3wt
or clone cells suspended in FCS-free RPMI medium with 1 mM
Mn?* for 5 min at 37°C (stimulated cells) in comparison to un-
stimulated cells. To determine the contribution of exogenous rec-
ombinant Cyr61 to aCyr61MV3 clone cells, 0.25 pg to 1.75 pg
rCyr61 were added to Mn?* stimulation and mixed with cell sus-
pension. For inhibition experiments either tinzaparin or 20-DS-H
(27) were applied in amounts of up to 100 pg per 1x10° cells in
100 pl, incubated for 5 min at 37°C with gentle shaking and subse-
quently injected into the flow chamber system. Cell adhesion was
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monitored over a period of 5 seconds (sec) while capturing a video
sequence with a CSC-795 camera (Pacific Corporation, Tokyo,
Japan). Videos were analysed with Imagoquant MultiTrack-AVI-2
software (Mediquant GmbH, Liitzen, Germany).

Investigation of Migration by Scratch assay

Migration analyses of MV3wt and clone type cells were performed
as described by Liang et al. (32). Briefly, wells were coated with fi-
bronectin [20 pg/ml] for 1 hour (h) at 37°C. Afterwards 1.2 x 10°
cells were plated on the coated wells. After reaching 80% con-
fluence, rCyr61 was added at a final concentration of 1 or 2 pg/ml.
After an incubation time of 1 h the scratch was performed with a
pipette tip. Images were taken in intervals of 2 h. The distance be-
tween the cells at different time points were used to determine mi-
gratory velocities. Each experiment was repeated at least three
times.

SAW Biosensor measurements

Surface acoustic wave (SAW) measurements were performed to
extract kinetic constants of heparin binding to immobilised
rCyr61-Fc chimera, or the binding of rCyr61 to membrane-in-
serted VLA-4 or syndecan-4. Analyses were performed using a
S-Sens™ K5 SAW biosensor supplied by SAW Instruments GmbH,
Bonn, Germany as described before (20).

Fc tagged rCyr61 protein or Cyr61 mutants were immobilised
on gold-coated sensors. Sensors were preincubated in an ethanolic
solution of 11-mercaptoundecanoic acid (10 mM) forming a self-
assembled monolayer. The terminal carboxyl groups were acti-
vated with a mixture of 200 mM N-ethyl-N-(dimethylaminopro-
pyD)-carbodiimide (EDC) and 50 mM N-hydroxysuccinimide
(NHS) to bind 18 ug/ml rCyr61 Fc-chimera protein or equimolar
amounts of Cyr61 mutated Fc-chimera, respectively. Excess of free
activated NHS esters were blocked by 1 M ethanolamine (pH 8.5).
After immobilisation of the proteins, a baseline equilibration in
PBS was performed for 15 min. The flow rate was adjusted to 40
wW/min. For binding experiments the aforementioned heparins
were injected in dilution series between 101 M and 10° M and
binding events were measured as phase shifts of the acoustic wave.

For determination of rCyr61-Fc binding to VLA-4 or synde-
can-4, SAW sensor chips were preincubated in a chloroform sol-
ution of 10 mM hexadecanethiol. After drying the quartz, a model
membrane consisting of 20 mol% DOGS-NTA and 80 mol%
DPPC was formed by the Langmuir-Blodgett technique and trans-
ferred to the sensors. The membrane coated sensors were subse-
quently incubated in an aqueous solution of 1.66 uM trehalose and
dried overnight to allow a dry insertion of the intact model mem-
brane into the measurement device. The dried membrane was re-
constituted by starting the buffer flow (40 pl/min for baseline
equilibration). Afterwards, either rh His-tagged VLA-4 or synde-
can-4 (25 pg/ml) were injected with a flow rate of 20 ul/min for
binding of the protein polyhistidine-tag to the DOGS-NTA lipid in
the membrane. Subsequently, a dilution series of rCyr61-Fc be-
tween 10"* M and 108 M was injected.
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Statistics

Data are represented as mean * standard deviation of at least three
independent experiments. Comparisons were performed by the
unpaired Student s t-test.

Results

Cyr61 affects the VLA-4-mediated binding functions
of MV3 melanoma cells

To investigate, whether Cyr61 has an impact on the cellular bind-
ing function of the integrin VLA-4, we selected the highly meta-
static human melanoma cell line MV3, for which we recently dem-
onstrated the importance of VLA-4 binding function in experi-
mental metastasis (19), and performed a Cyr61 knockdown ap-
proach using shRNA. The resulting aCyr61MV3 clone displayed a
tremendous downregulation of this signalling protein (» Figure
1A). Although the knockdown procedure did not affect the VLA-4
and other integrin expression levels (data not shown), a clear re-
lation of reduced Cyr61 levels to attenuated focal adhesion kinase
(FAK) pathway became evident (Suppl. Figure 1, available at www.
thrombosis-online.com). As a further evidence of reduced VLA-4
signalling activity via the FAK pathway by diminished Cyr61 lev-
els, a vinculin staining of cells seeded on VCAM-1 was performed
(Suppl. Figure 2, available at www.thrombosis-online.com). This
clearly indicates reduced vinculin spots in aCyr61MV3 clone cells,
while addition of rhCyr61 upregulated the number of spots to the
level of MV3wt cells.

The consequences of alleviated FAK activity by reduced cellular
levels of Cyr61 on VLA-4 binding capacities were evaluated using
a dynamic flow chamber approach for detecting the cell binding to
immobilised VCAM-1. The kinetically followed adhesion behav-
iour, which reaches a saturation level after 4 sec, demonstrates a
significantly reduced cell binding of the clone cells compared to
MV3wt (P Figure 1B). To confirm that the binding deficiency of
the clone is related to reduced Cyr61 levels, rCyr61-Fc chimera
was gradiently added to the clone cells 5 min before the adhesion
experiments. It is evident that amounts greater than 1 pg/1 x 10°
cells of rCyr61-Fc added to the clone cells tend to restore the orig-
inal binding capacity of the MV3wt cells. Longer preincubation
periods were not efficient.

VLA-4 also contributes to cell migration by binding to fibro-
nectin (34, 35), which appears as important step in the metastatic
cascade of tumour cells. A modified wound healing assay was per-
formed to investigate whether the aCyr61MV3 clones versus
MV 3wt cells display any differences in the migratory capacities on
tibronectin surfaces. The dynamic process of closing the scraped
gap by migrating cells was followed for 8 h, continuously taking
microscopic images, and were evaluated by creating a velocity
slope of the cells. Similar to the cell binding experiments, migra-
tory velocity of the clone cells was also significantly reduced com-
pared to the MV3wt cells (»Figure 1C; 21.4 um/h vs 31.7 um/h),
but an identical migratory velocity as the MV3wt cells could be
reached by the clone cells already after adding 1 pg/1 x 10° of
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Figure 1: Functional consequences of a Cyr61 knockdown in MV3
human melanoma cells. A) Western blot protein characterisation of the
aCyr61MV3 clone with respect to Cyr61 expression; left) MV3wt, middle)
MV3 Cyr61 knockdown clone, right) MV3 non-target clone. B) Cyr61 stimu-
lation of VLA-4 mediated aCyr61MV3 clone cell binding to VCAM-1 com-
pared to MV3wt. Adhesion of 1 x 10° MV3 cells to immobilised VCAM-1
under flow conditions was determined after preincubation of the cells with
1 mM Mn?* and/or the indicated amount of Cyr61 for 5 min. C) Comparison
of MV3wt and aCyr61MV3 cell migratory velocity onto a fibronectin sub-
strate and the effect of adding recombinant Cyr61. aCyr61MV3 cells display
a significantly diminished migratory velocity compared to MV3wt cells, while
adding 1 pg Cyr61 to 1 x 106 cells equilibrated the differences. Higher Cyr61
amounts facilitate the migration in MV3wt much more than in clone cells.
Data were selected from migratory velocity slopes between 0 and 4 h of at
least eight identical experiments.

rCyr61-Fc (32.2 pm/h). However, higher amounts of added
rCyr61-Fc (5 pg) illustrate a further functional deficiency of the
clone cells.

Together, these data give clear indication for a Cyr61/VLA-4 ac-
tivation axis with relevance to MV3 characteristics in metastatic
behaviour.
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Figure 2: Binding of rCyr61-Fc or the mu-
tated Cyr61 lacking module IV (rCyr61 MI-
MIlI-Fc) to VLA-4. VLA-4 was immobilised in a
model membrane via histag-binding to the che-
lator-lipid DOGS-NTA at a SAW sensor chip fol-
lowed by injection of either, rCyr61-Fc (left) or
rCyr61 MI-MIlI-Fc (right) for detecting the kin-
etic binding constants.

Insight into the Cyr61 binding to VLA-4

The Cyr61 effects for increased tumourigenicity were dominantly
contributed to an activation of integrin binding and signalling
functions. Although the binding properties of Cyr61 to various in-
tegrins have been evaluated showing differences in the binding do-
mains situated within the modules IT or IIT or IV of Cyr61, respect-
ively (13, 36, 37), the nature and strength of Cyr61 binding to inte-
grins is rather unknown.

To obtain a first insight into the Cyr61 binding to VLA-4 at a
simulated cell surface, we applied a model membrane approach,
which, in combination with a SAW biosensor device, allows for the
detection of binding kinetics and affinity. Using Langmuir Blod-
gett technique, a model membrane was created at a SAW sensor
chip, in which a site-directed membrane insertion of a His-tagged
VLA-4 was achieved by binding a chelating lipid anchor (P Figure
2). It became evident that rCyr61-Fc binds to VLA-4 with an affin-
ity in the mean nanomolar range.

For a further structural evaluation of this binding, we applied a
series of mutated Cyr61 molecules gradually lacking the C-ter-
minal modules IV; III and IV; or I, III and IV. While the lack in
the cysteine-rich module IV (rCyr61 MI-MIII-Fc) has only a
minor effect on binding affinity (»Figure 2), the absence of do-
main III prevents any binding of Cyr61. Consequently, domain III
appears as the dominant binding site of the Cyr61 molecule for
VLA-4.

© Schattauer 2013

Cyr61 as a target for heparin

Recently, we were able to demonstrate that the VLA-4 binding
function of MV3 cells can efficiently be blocked by heparin. Since
we show here that VLA-4 binding function is partly regulated via
Cyr61, the question arises whether the heparin blockade of VLA-4
function is, at least in part, related to an interference with Cyr61.
Although former findings suggest a Cyr61 binding to heparin
most likely via module IV (2), a detailed analysis of heparin inter-
action with Cyr61 in light of inhibitory approaches has not yet
been described.

We first evaluated the binding affinities of unfractionated hepa-
rin (UFH) and the LMWH tinzaparin to Cyr61 using the SAW
biosensor tool. rCyr61-Fc was immobilised at the sensor surface
and interaction with increasing concentrations of heparin were
evaluated. While UFH binds Cyr61 with low micromolar affinity,
tinzaparin has a marginally lower affinity (» Table 1). This implies
a size dependency of binding, which is further supported by the
finding that the pentasaccharide fondaparinux did not show any
binding to Cyré61.

Unfractionated heparin (UFH) and low-molecular-weight he-
parin (LMWH) binding can clearly be attributed to module IV of
Cyr61, since the binding affinities of both heparins towards
rCyr61 MI-MIII-Fc are significantly lower, roughly by one order of
magnitude. These findings support the assumption that heparin
can catch Cyr61 when released by the MV3 cells to interfere with
the process of integrin activation. However, details of this interfer-
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ence remained open. Therefore, the following approaches aimed to
illustrate the options of heparin activity.

Cyr61 is known to be accumulated at the cell surface after ex-
ocytosis by a charge induced binding to surface-bound glycosami-
noglycans, most likely syndecan-4 (SDC-4) (39). Using a com-
parable approach as illustrated in P>Figure 2, we performed a site-
directed immobilisation of SDC-4 (via His-tag) into a model
membrane to evaluate (i) how Cyr61 binds to SDC-4 and (ii)
whether heparin can interfere with this binding. As a prerequisite,
we confirmed the chondroitinase ABC and heparitinase I sensitiv-
ity of the rhSDC-4 to assure a natural-like decoration of the pro-
tein with GAG chains.

P Figure 3 provides an insight into this situation demonstrat-
ing that rCyr61-Fc binds to SDC-4 intensively with an affinity in
the low nanomolar range (7.08 + 1.49 nM; k,, 3.27 + 1.21 x 106 M!
s'1; B> Figure 3, IT). Our attempts to block this binding by tinzapa-
rin were not successful. In a first approach, we preincubated
rCyr61-Fc with 1.86 x 10°M tinzaparin, but binding of rCyr61-Fc
to SDC-4 appeared unaffected showing comparable binding affin-
ity data (not shown). To check in another approach, whether
rCyr61-Fc bound to SDC-4 can be replaced by increasing amounts
of tinzaparin, we found no indication for an interruption of Cyr61
binding to SDC-4 by heparin (P Figure 3, III). In contrast, tinza-
parin tended to bind additionally to the membrane with a com-
parable affinity as shown in P>Table 1 for binding onto the im-
mobilised rCyr61-Fc (36.5 + 5.5 pM vs 16.6 + 3.4 uM; P> Figure 3,

Table 1: Kinetic binding constants of UFH, tinzaparin, and LMWH
derivatives binding to immobilised rCyr61 Fc-chimera.

I(D [HM] kon [M'1S'1] koff [5-1]
UFH 3.68 + 0.60 2.18x10° 0.80 x 1072
+0.19x 103 +0.06 x 1072
Tinzaparin 16.6 + 3.40 0.40 x 10° 0.65x 107
+0.08 x 103 +0.15x 1072
20-DS-H 1.72 £ 0.35 6.60 x 103 1.13 x 1072
+0.07 x 103 +0.22x 1072
NAc-H 0.84 £0.10 14.2 x 103 1.20 x 1072
+0.20 x 103 +0.17 x 1072

IV). Since we could exclude a tinzaparin binding onto the SDC-4
containing membrane in absence of Cyr61 (not shown), heparin
binding must be related to an interaction with rCyr61-Fc mol-
ecules already bound to SDC-4. This implies different binding sites
of Cyr61 for heparin and the GAG side chains of SDC-4.

To further elucidate this, we applied the mutated Cyr61 lacking
the module IV (rCyr61 MI-MIII-Fc) in the SDC-4 and heparin in-
terference approach. The mutated Cyr61 binds with a nearly ident-
ical high affinity as rCyr61-Fc to SDC-4 (33.1 + 6.4 nM), but an
additional binding of tinzaparin was not detectable. This supports
the assumption of different binding sites of GAGs and heparin on
Cyr61.

Figure 3: Simulation of Cyr61 accumulation
at the cell surface and the potential inter-
ference of heparin thereof using a SAW

biosensor approach. The schematic (above) (I i i v
and the corresponding phase shifts (below) indi- ? s PP NV =
cate syndecan-4 immobilisation to the model % .

membrane at a SAW sensor chip via histag bind- £ 64

ing to a membrane chelator (1), followed by de- E : e

tecting Cyr61 binding to syndecan-4 (Il). Inject- Py 41

ing increasing concentrations of tinzaparin (IIl) o

showed a comparable binding affinity to Cyr61 < 21

when compared to data in Table 1. Even at high 0 1

tinzaparin concentrations a replacement of ] y j ) j ) T
Cyr61 from syndecan-4 binding could not be 0 5(t)i(:1(‘)|e [sec] 10000

achieved (IV).
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To provide a further argument in this manner, we applied a se-
misynthetic heparin derivative with a 100% acetylation at the
amino groups of glycosamines (27) as a model for structural con-
vergency of heparin and heparan sulfate. This NAc-H binds
rCyr61-Fc with an affinity of 0.84 + 0.15 uM, more than 10-fold
higher than tinzaparin affinity (» Table 1). One can argue that in
addition to the higher MW compared to tinzaparin the higher af-
finity of NAc-H to Cyr61 results from a partial comprehension of
the GAG binding site for interaction. Nevertheless, NAc-H was
also not able to significantly replace Cyr61 from syndecan-4 bind-
ing in the above mentioned experimental assay.

Together, these data confirm a direct binding of heparin to
Cyr61 with probably functional consequences for integrin acti-
vation, but heparin is not able to interfere with the Cyr61 accumu-
lation at the cell surface. Consequently, heparin activities are re-
stricted to free, but not to SDC-4 or VLA-4 bound Cyr61. This as-
sumption is supported by the Western blot and vinculin staining
data (Suppl. Figures 1 and 2, available online at www.thrombosis-
online.com). Whereas addition of free Cyr61 induces a “re”acti-
vation of the FAK pathway in the aCyr61MV3 cell clones (Suppl.
Figure 1, available online at www.thrombosis-online.com) or in-
creases the number of vinculin spots (Suppl. Figure 2, available on-
line at www.thrombosis-online.com), the simultaneous addition of
tinzaparin and Cyr61 abolished this effect. In contrast, when ad-
ding Cyr61 and tinzaparin successively no inhibitory effect of the
LMWH was detectable (Suppl. Figure 2, available online at www.
thrombosis-online.com).

Functional consequences of heparin interference with
Cyr61 for cell adhesion

Despite the heparin activity seems to be restricted to bind only free
Cyr61, this should have consequences for VLA-4 activity. To tackle
this issue we performed an initial dynamic binding experiment as
shown in P> Figure 1B, but added 250 pg of tinzaparin to both, the
MV3wt cells and the aCyr61MV3 clone cells. According to our
previous binding studies (19), 250 pg of LMWH per 1 million cells
are in an active mass range for reducing the VLA-4 mediated cell

binding under these experimental conditions. Two hundred fifty
ug of tinzaparin significantly reduced the binding of both cell
populations to a nearly identical degree (19.4 % for MV3 cells vs
15.6 % of clone cells). One can propose that using this amount of
LMHW, a potential blockade of Cyr61 has already been covered
next to the direct VLA-4 receptor inhibition by tinzaparin.

To evaluate whether at lower LMWH amounts a differentiation
between direct VLA-4 blockade and Cyr61 effects is possible, we
performed the cell binding studies with tinzaparin amounts up to
100 ug (> Figure 4A). Although the initial significant difference in
binding between clone and MV 3wt cells became less pronounced
and binding curves tend to approximate at higher tinzaparin
amounts, a differentiation between direct receptor blockade and
indirect deactivation of VLA-4 via Cyr61 depletion appears not
possible using LMWH.

In a recent study (19) we underlined the structural modifica-
tions of LMWH which were not tolerated for VLA-4 inhibition.
Amongst these, a desulfation at the 20-position of uronic acids
were shown not to affect VLA-4 binding. However, this 20-DS de-
rivative is able to bind rCyr61-Fc with an affinity of 1.72 + 0.35
uM, comparable to UFH and 10-fold higher than tinzaparin
(> Table 1). Therefore, this derivative appears suitable for a differ-
entiation of Cyr61-related effects on VLA-4 and direct receptor
blockade by heparin. Therefore, up to 100 ug of 20-DS-H were ap-
plied in the cell binding studies (»Figure 4B). Actually, the clone
cells were not affected by the 20-DS derivative, but the MV3wt
cells display an initial drop in binding up to 25 pg of heparin de-
rivative and totally adapt the binding course of the clone cells at 50
ug. This strongly suggests that the initial significant difference is
induced by the Cyr61 activity of the wt cells, which is equilibrated
by the relatively low amount of about 50 pg heparin derivative.

Discussion

The heparin activity to attenuate experimental metastasis in nu-
merous preclinical models of carcinoma and melanoma has at-
tracted great attention during the last decade with respect to po-

100
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adhesion after 4s [%]

A Mg tinzaparin
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adhesion after 4s [%]
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Figure 4: Inhibition of VLA-4 mediated MV3wt and aCyr61MV3 clone cell binding to VCAM-1 by heparin. Adhesion of 1 x 106 Mn?* stimulated
MV3 and aCyr61MV3 cells to immobilised VCAM-1 under flow conditions after 4 sec in presence of increasing amounts of A) the LMWH tinzaparin or B) the

non VLA-4 binding heparin derivative 20-DS-H.
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tential clinical applications (21). Several molecular mechanisms of
heparin, beside the antithrombotic activity have been related to
the antimetastatic efficiency (40-43). Amongst these, the blockade
of P- and L-selectin, and thus the attenuation of tumour cell con-
tacts with cellular and soluble blood components has been con-
sidered as primary targets of heparin (21, 24, 40). Furthermore, the
anti-adhesive effects of heparin can be extended to selected inte-
grins (44) which has attracted much less attention in that context.
For example, the integrin VLA-4, which contributes dominantly to
melanoma metastasis, can also be blocked by heparin, LMWH and
semisynthetic heparin derivatives (19, 33).

However, integrins possess, based on their cell- and ECM-bind-
ing function, a bidirectional cellular signalling. This has been re-
lated as a functional key for the tumourigenic effects of a diverse
group of signalling molecules referred as matricellular ligands,
such as Cyr61. Cyr61 affects different pathways in tumour cells,
such as the Wnt-{-catenin pathway, transforming growth factor or
insulin-like growth factor pathways to promote tumourigenicity
(45). Although the tumourigenic effects of Cyr61 are recognised,
and a consensus is given that most of the Cyr61 effects were me-
diated via affecting integrins, the highly complex situation is far
from well understood. A detailed analysis of these signalling
events is beyond the scope of this article.

Here we focus on the mechanical understanding whether
Cyr61 increases the binding affinity of VLA-4 as a potential effect
to increase metastatic spread of VLA-4 containing cells. For the
first time we confirm a Cyr61/VLA-4 axis with clear consequences
for VLA-4 binding activity, but also for integrin signalling function
via the FAK pathway. This is based on a high affinity binding of
Cyr61 to this integrin. Furthermore, this sheds new light on the
heparin activity to inhibit VLA-4. Although we have previously
confirmed that heparin can bind to VLA-4 (19) and thus directly
affect the receptor activity, the blockade of Cyr61 by heparin for
interfering with the integrin activation process appears to be a per-
manent, but not yet a considered part of the general VLA-4 in-
hibition.

We postulate that heparin will only be able to snatch the free
Cyr61, but can not abolish the Cyr61 binding to both, SDC-4 or
VLA-4. Heparin binding is clearly restricted to module IV of the
Cyr61 molecule. Compared to this, the binding affinities of Cyr61
to VLA-4 and SDC-4, both independent on module IV are higher
by 2 or 3 orders of magnitude, mainly resulting from 100- or
1,000-fold higher association rates.

Nonetheless, heparin affects the MV3 binding selectively via
blocking the Cyr61 activity, which became evident by applying the
semisynthetic heparin derivatives. The heparin amounts needed to
completely block the Cyr61 activity appears relatively low. There-
fore, Cyr61 blockade has unknowingly been covered in our pre-
vious inhibitory investigations (19, 20) and could also be relevant
in other studies of different intentions, but potential impact of
VLA-4 (40, 46-48). Furthermore, heparin used in clinical dosages
for antithrombotic prophylaxis or treatment regimes should also
cover a Cyr61 blockade. In addition to the findings presented here,
this could have also consequences for blocking other tumourigenic
effects of Cyr61, such as angiogenesis or inducing epithelial to

Thrombosis and Haemostasis 110.5/2013

What is known about this topic?

e The integrin VLA-4 is essential for the metastatic dissemination of
melanoma cells.

e Heparin possesses antimetastatic effects, which are partly related
to inhibitory effects on cell adhesive functions, including VLA-4
binding.

o The matricellular ligand Cyr61/CCN-1 exhibits various effects for
increased tumourigenicity.

What does this paper add?

e The data confirm the existence of a Cyr61 / VLA-4 signalling axis.

e Cyr61 affects the VLA-4 functions in MV3 melanoma cell binding,
migration, and intracellular signalling.

e Heparin interferes with Cyr61 activities in directing VLA-4 adhesive
and signalling functions and thus, Cyr61 appears as a novel, not yet
considered target for heparin in antimetastatic approaches.

mesenchymal transition, and thus account to the spectrum of anti-
metastatic modes of action of heparin.

Concluding, we identified Cyr61 as a novel target of heparin
with practical consequences for reduced VLA-4 activities in mel-
anoma adhesion and migration. Due to the relatively low amount
of heparin needed for a Cyr61 blockade, this has not yet been con-
sidered and identified. Further studies should be conducted to
evaluate the impact of a Cyr61/heparin interplay on other inte-
grins in tumourigenicity.
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Nomenclature and Abbreviations

Cyr61 (=CCN1), Cysteine-rich protein 61; ECM, extracellular matrix;
EDC, N-ethyl-N-(dimethylaminopropyl)-carbodiimide; DPPC, 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine; DOGS-NTA(Ni), 1,2-dioleoyl-
sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succi-
nyl] (nickel salt); FCS, fetal calf serum; GAG, glycosaminoglycan; KD,
equilibrium dissociation constant; k. dissociation rate constant (off-
rate); ko, association rate constant (on-rate); LMWH, low-molecular-
weight heparin; NHS, N-hydroxysuccinimide; PBS, phosphate-
buffered saline; rh, recombinant human; SAW, surface acoustic wave;
SDS, sodium-dodecylsulfate; SDC-4, syndecan-4; TBS, tris-buffered sa-
line; UFH, unfractionated heparin; VCAM-1, vascular cell adhesion
molecule-1; VLA-4, very late activation antigen-4.
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