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Abstract Wnt-1 inducible signalling pathway protein 1
(WISP-1/CCN4) is an extracellular matrix protein that be-
longs to the Cyr61 (cysteine-rich protein 61), CTGF (connec-
tive tissue growth factor) and NOV (CCN) family and plays a
role in multiple cellular processes. No specific WISP-1 recep-
tors have been identified but emerging evidence suggests
WISP-1 mediates its downstream effects by binding to
integrins. Here we describe a functional analysis of integrin
receptor usage by WISP-1. Truncated WISP-1 proteins were
produced using a baculovirus expression system. Full length
WISP-1 and truncated proteins were evaluated for their ability
to induce adhesion in A549 epithelial cells and β-catenin ac-
tivation and CXCL3 secretion in fibroblasts (NRK49-F cells).
Subsequent inhibition of these responses by neutralising
integrin antibodies was evaluated. A549 cells demonstrated
adhesion to full-length WISP-1 whilst truncated proteins con-
taining VWC, TSP or CT domains also induced adhesion,
with highest activity observed with proteins containing the
C-terminal TSP and CT domains. Likewise the ability to in-
duce β-catenin activation and CXCL3 secretion was retained
in truncations containing C-terminal domains. Pre-treatment
of A549s with either integrin αVβ5,αVβ3 orβ1 neutralising
antibodies partially inhibited full length WISP-1 induced ad-
hesion whilst combining integrin αVβ5 and β1 antibodies
increased the potency of this effect. Incubation of NRK49-F
cells with integrin neutralising antibodies failed to effect β-
catenin translocation or CXCL3 secretion. Analysis of natural
WISP-1 derived from human lung tissue showed the native
protein is a high order oligomer. Our data suggest thatWISP-1
mediated adhesion of A549 cells is an integrin-driven event

regulated by the C-terminal domains of the protein. Activation
of β-catenin signalling and CXCL3 secretion also resides
within the C-terminal domains of WISP-1 but are not regulat-
ed by integrins. The oligomeric nature of native WISP-1 may
drive a high avidity interaction with these receptors in vivo.
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Introduction

The CCN proteins are a family of highly conserved secreted
matricellular proteins which are linked to roles in embryogen-
esis, wound repair, fibrosis and tumour genesis. All family
members share a modular structure comprised of a signal pep-
tide followed by three domains with homology to insulin-like
growth factor (IGF) binding proteins, von Willebrand type C
(vWC) factor and thrombospondin type 1(TSP1) repeat plus a
fourth domain which contains a cysteine-knot (CT) motif. A
variable hinge region between domains two and three is sus-
ceptible to proteolytic cleavage and results in truncated CCN
proteins which have both overlapping and distinct biological
activities to the full length proteins (reviewed by (Perbal
2009)).

The CCN proteins described to date have no known unique
cellular receptors but instead interact with multiple partners
including integrins, heparin sulphate proteoglycans, bone
morphogenetic proteins (BMPs) and low density lipoprotein
receptor-related proteins (LRPs) (reviewed by (Holbourn et al.
2008)). This promiscuity has been cited as the reason behind
their pleiotropic functions and cell-specific behaviour and
may underlie the complexity of the literature concerning this
protein family.
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Wnt-inducible signaling protein-1 (WISP-1/CCN4) is a
downstream mediator of Wnt signalling which is upregulated
in a number of chronic fibrotic disorders effecting the lung,
liver and kidney (Jiang et al. 2006; Wang et al. 2011; Zulato
et al. 2011). Functionally, WISP-1 has been shown to induce
proliferation and drive epithelial to mesenchymal transition in
alveolar epithelial cells whilst increasing the synthesis of ex-
tracellular matrix components (ECM) in fibroblasts.
Furthermore, antibody-mediated neutralisation of WISP-1
conferred a survival benefit and improved lung function when
administered therapeutically in the bleomycin model of pul-
monary fibrosis (Konigshoff et al. 2009). Despite the emerg-
ing evidence for a role for WISP-1 in fibrosis, the biology of
the protein remains poorly described. Structural variants of
WISP-1 generated by differential splicing or proteolysis have
been detected in a number of pathological settings but their
function remains to be elucidated (Cervello et al. 2004;
Yanagita et al. 2007). WISP-1 has been speculated to perform
pleiotropic, cell-specific functions with potential distinct para-
crine and autocrine functions which may be attributed to the
use of differing cell-surface receptors in different cell types.
Furthermore, whilst WISP-1 has been shown to interact with
the small leucine rich proteoglycans biglycan and decorin
(Desnoyers et al. 2001) the mechanism by which it activates
the Akt signalling pathway is not understood (Su et al. 2002).
The WISP-1 proteins contains putative integrin recognition
sites in the vWC, TSP1 and CT domains and recently two
groups reported an interaction between full length WISP-1
and the αVβ5 integrin (Hou et al. 2013; Liu et al. 2013;
Ono et al. 2011) although the domains responsible for these
interactions were not identified.

Here we describe a functional role for WISP-1 as a medi-
ator of cell to matrix adhesion in epithelial cells and secretion
of pro-angiogenic chemokines in fibroblasts via activation of
the β-catenin signalling pathway. Furthermore we demon-
strate that these functions reside within the C-terminal do-
mains of the protein and whilst adhesion is an integrin-
mediated event, β-catenin activation and chemokine secretion
are integrin independent.

Materials and methods

Cell culture and reagents

The rat fibroblast cell line NRK-49F and human A549 alveo-
lar epithelial cells were grown in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10 % foetal bovine
serum (FBS) and 0.1 mM NEAA and Pen/Strep.
Recombinant full-length human WISP-1 was purchased from
Peprotech and used in functional assays. Neutralising poly-
clonal antibodies against WISP-1 and integrin neutralising
antibodies were purchased from R&D Systems.

Generation of truncated and full-length WISP-1 proteins

Truncated and full length WISP-1 proteins were generated in
the baculovirus expression system. DNA sequences were syn-
thesised by GenScript in the pDEST8 baculovirus expression
vector (Invitrogen) using the honey bee melittin signal se-
quence and an amino terminus APP tag. Max Efficiency
DH10Bac chemically competent E.coli (Invitrogen) were
used to amplify Bacmid DNA which was extracted using a
Qiagen kit according to manufacturer’s instructions. For P1
infections, Sp21 cells were transfected with Bacmid DNA and
Cellfectin (Invitrogen) diluted in Grace’s media (Gibco) and
virus-containing supernates harvested after 96 h. Two further
rounds of infection were performed using supernates from the
subsequent round to infect Sp21 cells. Proteins were purified
from supernates of P3 infections using sepharose columns
conjugated to anti-APP antibodies.

Adhesion assays

WISP-1 was added to black-walled, 96-well plates and incu-
bated at 37 °C for 4 h. Experiments were performed in tripli-
cate and PBS only used as a negative control. Plates were
washed with PBS and blocked for 1 h at RT in PBS + 1 %
BSA. For inhibition assays, anti-WISP-1 antibodies were di-
luted in PBS and added to plates after the blocking step for 1 h
at RT. Sub-confluent A549 cells were detached using cell
dissociation buffer and added to plates at a concentration of
1.25×104cells/well in DMEM (without phenol red) plus 0.5 %
BSA. After incubating for 2 h at 37 °C, media was removed and
plates washed twice in PBS prior to freezing at−80 °C overnight.
Plates were thawed and 10 % formalin was added for 10 min at
RT and replaced with CyQUANT detection solution (Life
Technologies) for 5 min at RT. Fluorescence was then read using
setting of excitation 480 nm and emission 520 nm. For integrin
neutralisation experiments, antibodies were diluted to 50 μg/mL
in DMEM plus 0.5 % BSA and pre-incubated with an equal
volume of cell suspension for 30 min at 37 °C prior to seeding.

Microarrays analysis

NRK49-F cells were stimulated with 10 or 100 nMWISP-1 or
control for 24 h. Total RNA was extracted from cells using
TRIZOL (Life Technologies) as described by the manufactur-
er and further purified using the RNeasy mini-columns from
Qiagen (Valencia, CA, USA). And RNA samples were then
stored at −80 ° C. The Rat230_2 Array (Affymetrix, Santa
Clara, CA, USA) containing 31,099 probe set was used for
expression profiling.

Data analysis was performed using the GeneSpring
GX11.0.2 software and the MAS5 algorithm. Data were nor-
malized for each microarray using the logarithmic mean of
total signal intensity. A 2-fold difference was used as cut-off
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to identify differentially expressed genes. In our experience
>90 % of microarray hits can be verified by an independent
method (e.g. TaqMan reverse transcription real-time polymer-
ase chain reaction). For the annotation of hits the NCBI
Unigene database (http://www.ncbi.nlm.nih.gov/unigene)
was used.

CXCL3 ELISA

NRK-49F cells were maintained in DMEM supplemented
with 10 % FBS, 0.1 mM NEAA and Pen/Strep. For assays,
cells were seeded in 96-well plates at 20,000 cells per well and
left to adhere overnight before starving for 24 h in DMEM +
0.1 % FBS. WISP-1 was incubated with 100 ug/mL
polymixin B for 30 min at RT before adding to plates for
24 h. CXCL3 levels in conditioned medium were then
analysed by ELISA (R&D Systems) according to manufac-
turer’s instructions. For integrin inhibition assays, cells were
incubated with antibodies in serum-free DMEM for 1 h prior
to seeding and WISP-1 used at a concentration of 100 nM.

Reporter gene assay

STF-lentivirus in the pLenti vector (Invitrogen) was generated
using the Viral Power Lentiviral Expression System kit
(Invitrogen) according to manufacturer’s instructions. Briefly
HEK-FT cells were transfected with viral packaging mix
(Invitrogen) and the pLenti-STF vector using Lipofectamine
2000 (Invitrogen). Virus was harvested at 96 h and used to
infect NRK49-F cells in the presence of 5 μg/mL polybrene.
Media was removed after 24 h and cells cultured in the pres-
ence of 4 μg/mL blasticidin. For assay, 20,000 cells per well
were seeded in 96-well plates and left to adhere overnight
before starving for 24 h in DMEM + 0.1 % BSA. Cells were
stimulated with WISP-1 for 48 h and luminescence measured
using Steady Glo (Promega) according to manufacturer’s in-
structions. For integrin inhibition assays, cells were incubated
with antibodies in serum-free DMEM for 1 h prior to seeding
and WISP-1 used at a concentration of 250 nM.

Cut human lung slices

Human lung tissuewas obtained fromTissue Solutions (www.
tissue-solutions.com). All human tissues provided by Tissue
Solutions are obtained according to the legal and ethical
requirements of the country of collection, with the approval
of an ethics committee (or similar) and with anonymous
consent from the donor or nearest relative. Tissue was stored
in Aquix medium and used no later than 48 h following
resection. Material was sliced into 300–400 μM slices using
a tissue chopper and one slice per well placed in a 48-well
plate in DMEM supplementedwith 10% human serum. Slices
were left overnight and then starved in DMEM supplemented

with 0.5 %BSA. Supernates were then harvested and stored at
−70 °C prior to analysis.

Polyacrylamide gel electrophoresis and western blotting

ForWestern blotting, cells were lysed in buffer containing 1%
Nonident P-40, 150 mM NaCl, 50 mM Tris, 1 mM sodium
orthovanadate and 5 mM sodium fluoride. Samples were then
diluted in NuPAGE 4x LDS Sample Buffer (Life Technologies)
and DTTadded to a final concentration of 50 mMbefore boiling
at 70 °C for 10min. Sampleswere then loaded ontoNuPAGE4–
12 % Bis-Tris gels (Invitrogen) for gel electrophoresis. For
non-reducing gels, DTT and boiling were omitted from sam-
ple preparation.

For coomassie staining, gels were rinsed in deionised water
and SimplyBlue SafeStain (Life Technologies) added for 1 h at
RT. Gels were washed in water for 1 h before imaging. For
Western blotting, gels were transferred onto nitrocellulose
membranes and then blocked in 5 % milk in TBST.
Membranes were incubated with biotinylated anti-WISP-1
pAb (R&D Systems) for 2 h at RT and washed in TBST.
Streptavidin-HRP was then added for 1 h at RT and mem-
branes washed again in TBST prior to visualisation using
ECL detection.

Results

Generation of truncated WISP-1 proteins

TruncatedWISP-1 proteins were designed based on the splice
variants and cleaved proteins reported to exist for WISP-1
(Δ2) (Cervello et al. 2004; Yanagita et al. 2007) or for other
CCN proteins (Δ1-2, Δ3-4, Δ1-3) (Perbal 2009) (Fig 1a).
Sequences were preceded by the honey bee melittin signal
sequence and an amino terminus APP tag prior to having been
codon-optimised for the insect expression system. Proteins
were generated using the baculovirus expression system and
isolated by sepharose column coupled anti-APP antibodies.
Coomassie gels and Western blotting using a polyclonal
anti-WISP-1 antibody showed that the resulting proteins were
of the expected size (Fig. 1b and c). Proteins were analysed by
mass spectroscopy after N-deglycosylation and in all cases the
measured mass was found to match expected mass. N-
terminal sequence analysis confirmed expected sequences
for all proteins (data not shown).

WISP-1 mediates cell to matrix adhesion
through the C-terminal domains

As matrix components, multiple members of the CCN family
have been reported to induce cell to matrix adhesion. In order
to determine if this was the case for WISP-1, the ability of
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recombinant full-length protein to mediate adhesion of A549
cells was determined (Fig. 2a). A dose dependent increase in
adhesion was observed with an EC50 value of 1.4 μM and a

maximal luminescent signal 15-fold higher than that detected
in the absence of protein. To determine which domains of
WISP-1 are responsible for binding of A549 cells, truncated
WISP-1 proteins were used in adhesion assays (Fig. 2b).
When domains 3 and 4 were removed from WISP-1 (Δ3-4)
the ability to mediate adhesion was significantly reduced com-
pared to the other truncations with a maximal signal 10-fold
higher than background and an EC50 value of 291 nM. In the
presence of the TSP1 and CT domains however, maximal
signals ranged from 15 to 30 fold higher than background
and EC50 values were lower at 103 nM (Δ1-2), 147 nM
(Δ2) and 202 nM (Δ1-3). This suggests that the C-terminal
domains are key drivers of adhesion but also that the interac-
tion is not attributable to any one single domain since all
truncations induced some degree of adhesion. The ability of
multiple domains to act in concert is a feature of CCN proteins
and integrin recognition sites are present in 3 separate domains
of WISP-1 (vWC, TSP1 and CT) (Holbourn et al. 2009) mak-
ing such behaviour plausible.

We next demonstrated the specificity of WISP-1 mediated
adhesion to A549 cells by means of antibody inhibition. For
this we used a polyclonal antibody which recognised multiple
epitopes in the full-length protein as demonstrated by its abil-
ity to detect all WISP-1 truncations by Western blot (data not
shown). This was necessary to ensure that the antibody could
inhibit not only full-length WISP-1 but also all the truncated
proteins. Adhesion induced by full-length WISP-1 was
inhibited in a dose dependent manner by pre-incubating
400 nMWISP-1 with neutralising polyclonal antibodies prior

Fig. 1 Generation of truncated WISP-1 proteins. Truncated WISP-1
proteins comprising different combinations of the four domains
observed in the full length protein were designed as shown
schematically (a). APP-tagged proteins generated in the baculovirus
expression system showed the expected sizes by coomassie staining (b)
and were recognized by α-WISP-1 pAb in Western blotting (c)

Fig. 2 The C terminal domains
of WISP-1 mediate cell adhesion.
Wells were coated with full length
(a) or truncated WISP-1 (b) at
various concentrations and
blocked with BSA. A549 cells
were allowed to adhere to the
coated wells for 2 h and non-
adherent cells were washed off.
Fold change in adherence is
relative to the level of
fluorescence observed in the
absence of WISP-1. For
inhibition studies, neutralising
antibodies were incubated with
WISP-1 prior to the addition of
A549 cells. Full length WISP-1
was used at 400 nM (c) and
truncatedWISP-1 proteins used at
250 nM (Δ2 and Δ1-2) or
500 nM (Δ1-3 and Δ3-4) (d).
Results are expressed as the mean
± SD (n=3)
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to the addition of A549 cells (2C). Due to the differing levels
of adhesion observed with truncated WISP-1 proteins, WISP-
1 Δ2 and Δ1-2 were used at 250 nM and WISP-1 Δ1-3 and
Δ3-4 at 500 nM (2D). The activity of the Δ3-4 protein was
inhibited by a lower antibody:ligand ratio than any other trun-
cation, as may be expected given this construct also induced
the weakest adhesion. Conversely, the Δ1-3 protein induced
the greatest fold change in luminescent signal and a maximal
inhibition of just 50 % was achieved by the antibody:ligand
ratios tested. This further supports the hypothesis that the C-
terminal domains are key mediators of epithelial adhesion.

WISP-1 induces secretion of pro-angiogenic chemokines
in fibroblasts

In order to identify novel signalling pathways modulated by
WISP-1, we used gene microarrays to investigate downstream
effects ofWISP-1 stimulation. WISP-1 has been speculated to
perform pleiotropic, cell-specific functions which may be at-
tributed to its ability to bind and activate multiple distinct
receptors present on different cells. For this reason, we wanted
to investigate the effect of WISP-1 stimulation in different
cells types. Since the cellular receptors of WISP-1 are not
known, we selected cell lines previously described in the lit-
erature as being WISP-1 responsive. Specifically we used
NRK-49F fibroblasts and A549 epithelial cells.

Among the 1222 differentially regulated genes in NRK-
49F cells (data not shown) we detected the induction of sev-
eral cytokines and chemokines with roles in angiogenesis
(Fig. 3a) which has not previously been described as a
WISP-1mediated effect. Interestingly the same gene signature
was not observed on WISP-1 stimulation in A549 cells. We
selected CXCL3 for further analysis due to the high level of
induction on WISP-1 stimulation and the availability of tools.
We analysed the CXCL3 inducing effect by quantifying
CXCL3 secretion by ELISA. NRK-49F fibroblasts were stim-
ulated with full length WISP-1 for 24 h and conditioned me-
dium harvested for analysis. A dose dependent induction of
CXCL3 secretion was observed in response to WISP-1 stim-
ulation (3B) with an EC50 value of 28 nM. This effect could be
inhibited by pre-incubation of the ligand with WISP-1
neutralising polyclonal antibodies (Fig. 3c). When truncated
WISP-1 proteins were investigated in this assay, the TSP-1
domain was found to be key in driving the functional effect
(3D). BothΔ2 andΔ1-2 proteins performed similarly to full-
length WISP-1 with EC50 values of 55 and 35 nM respective-
ly. However, the Δ3-4 and Δ1-3 proteins lacking the TSP-1
domain both had comparably weak effects and calculation of
an EC50 value was not possible. This indicates that the do-
mains which regulate CXCL3 secretion are distinct from those
which mediate adhesion since the activity pattern shown by
the truncated proteins is different in each case. Interestingly
full-length WISP-1 induced maximal of around 1500 pg/mL

Fig. 3 WISP-1 mediates the
secretion of pro-angiogenic
chemokines in fibroblasts. NRK-
49F cells were stimulated with
full-length WISP-1 prior to RNA
extraction for gene microarray
analysis. Data analysis using the
GeneSpring GX11.0.2 software
identified the enrichment of a
subset of cytokines and
chemokines (a). NRK-49F cells
were stimulated with full-length
(b) or truncated (d) WISP-1 and
conditioned media assayed for
CXCL3 content by ELISA. For
inhibition studies, full-length
WISP-1 was pre-incubated with
anti-WISP-1 pAbs prior to
addition to NRK-49F cells (c).
Results for B-D are expressed as
the mean ± SD (n=3)
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which is comparable to the maximal levels seen in the weaker
performing truncated proteins. As with adhesion, this differ-
ence may be due to the differing ways in which the proteins
were generated.

The C-terminal domains of WISP-1 stimulate β-catenin
activation in fibroblasts

Several groups have reported Akt phosphorylation and subse-
quent β-catenin activation in WISP-1 stimulated cells, sug-
gesting that WISP-1 may participate in autocrine feedback
and hence play a role in regulating its own expression
(Colston et al. 2007; Shimo et al. 1999; Su et al. 2002).
Using the Super Topflash reporter vector which contains
TCF/LEF (T-Cell-Specific Transcription Factor/ Lymphoid
Enhancer-binding Factor) binding sites we determined that
β-catenin activation occurred in NRK-49F cells following
WISP-1 stimulation however, this effect appeared to be weak
in comparison to activation with theWnt ligandWnt3a, that is
known to stimulated robust canonical Wnt pathway activation
(Fig. 4a). We also investigated which domains of the protein
were responsible for this function by testing the ability of
truncated WISP-1 proteins to induce β-catenin activation

(Fig. 4b). All truncations induced dose dependent activation
of β-catenin transcriptional activity and this effect was mar-
ginally stronger in the Δ2 truncation and not individually
attributable to either the C-terminal or N-terminal domains.
These data indicate that multiple domains potentially acting
in concert are required for activation of the β-catenin signal-
ling pathway and the autocrine regulation of WISP-1
expression.

WISP-1-induced adhesion but not CXCL3 secretion is
mediated by integrins

The ability of CCN proteins to induce adhesion of different
cell types including fibroblasts, endothelial and epithelial cells
has been reported to be an integrin-driven interaction
(reviewed by (Chen et al. 2014) but this has not previously
been investigated for WISP-1. Putative integrin recognition
sites are found in vWC, TSP1 and CT domains of WISP-1
(Holbourn et al. 2009) and other groups have reported func-
tional effects of WISP-1 mediated by αVβ5, αVβ3 and β1
integrins (Chuang et al. 2013; Hou et al. 2013; Liu et al. 2013;
Ono et al. 2011). We found that pre-treatment of A549 cells
with integrin αVβ5, αVβ3 or β1 neutralising antibodies in-
dividually partially inhibited full length WISP-1 induced cell
adhesion (Fig. 5a) but inhibition of one integrin alone was
insufficient to completely block adhesion. Combining integrin
αVβ5 and β1 antibodies or αVβ3 and β1 resulted in further
reductions in WISP-1 induced A549 adhesion, inhibiting the
response by up to 80 % but combining the αVβ5 and αVβ3
antibodies had no greater effect than neutralising each integrin
individually (Fig. 5b). This indicates that the β1 integrin sub-
unit is crucial to the adhesion of full-length WISP-1. We next
sought to identify the domains responsible for this interaction
by utilising truncated WISP-1 proteins. No reduction in adhe-
sion was seen with any truncated protein when cells were
incubated with β1 and αVβ3 antibodies (Fig. 5c and d)
whereas the αVβ5 neutralising antibody caused robust statis-
tically significant reductions in adhesion mediated by all trun-
cated proteins (Fig. 5e). This suggests that recognition sites for
the αVβ5 integrin may be present in both C-terminal and N-
terminal domains of WISP-1 and that the differing levels of
adhesion mediated by the truncated proteins may be due to the
combined interactions of multiple integrin binding sites.

We next aimed to determine if CXCL3 secretion and acti-
vation of the β-catenin signalling pathway are also integrin-
dependent events. For both experiments, NRK-49F cells were
incubated for 1 h with integrin-neutralising antibodies prior to
seeding. Neither the anti-β1 norαVβ5 neutralising antibodies
inhibited CXCL3 secretion or activation of the β-catenin sig-
nalling pathway in NRK-49F cells (Fig. 6a and b) at concen-
trations of up to 10 μg/mL. This suggests that these functions
of WISP-1 are distinct from adhesion both in terms of

Fig. 4 WISP-1 activates the β-catenin signalling pathway in fibroblasts.
NRK-49F fibroblasts stably transfected with the β-catenin responsive
Super Topflash reporter construct were stimulated with Wnt3a for 6 h
or full-length WISP-1 for 48 h (a) or truncated WISP-1 proteins for 48 h
(b). Cells were then lysed and luminescence quantified. Results are
expressed as the mean ± SD (n=3)

68 S. Stephens et al.



domains responsible for activity and of cellular interacting
partners.

Natural WISP-1 is a high molecular weight oligomer

The interaction between individual integrins and their binding
partners is known to be weak and depends on avidity in many
settings (Carman and Springer 2003). To further dissect the
role of integrins in the WISP-1/A549 interaction we investi-
gated the protein chemistry of natural WISP-1. Human lung
tissue was sliced into 300–400 μM slices using a tissue chop-
per and incubated in media for 24 h prior to harvest of super-
natants. Western blotting for WISP-1 was then performed un-
der both reducing and non-reducing conditions (Fig. 7).

WISP-1 is not normally expressed in healthy adults but was
present in supernatants generated in this system, possibly be-
cause of the tissue injury caused by mechanical processing
since WISP-1 has been implicated in the wound healing pro-
cess (Wang et al. 2009). Importantly, under non-reducing con-
ditions WISP-1 appears as a high molecular weight oligomer
although the exact size of the multimer cannot be determined
through this analysis alone. Multimerisation motifs are found
in both the TSP1 and vWC domains of the protein and the
ability to form dimers and higher order oligomers has been
described for other CCN family members (Holbourn et al.
2008). This is the first time however that WISP-1 has been
shown to be a multimer and is in keeping with data already
presented in this paper showing WISP-1 driven effects can be

Fig. 5 WISP-1 mediated
epithelial cell adhesion is
regulated by integrins. A549 cells
were pre-incubated with integrin-
neutralising antibodies before use
in adhesion assays. For full-length
WISP-1, plates were coated with
2.5 μM ligand and the effect of
antibodies evaluated either
individually (a) or in combination
(b). For truncated WISP-1
proteins, plates were coated with
250 nM ligand (Δ2 andΔ1-2) or
500 nM ligand (Δ1-3 and Δ3-4)
and the effect of neutralisation of
integrins β1 (c), Vβ3 (d) and
Vβ5 (e) evaluated individually.
Results are expressed as the mean
± SD (n=3), one-way ANOVA
performed for B and T-tests for A,
and C-E
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integrin mediated. Interestingly recombinant WISP-1 protein
does not show the same pattern. Under reducing conditions

glycosylated WISP-1 is comparable to natural protein whilst
non-glycosylated WISP-1 is smaller as would be anticipated.

Fig. 6 WISP-1 mediated CXCL3
secretion and β-catenin activation
in fibroblasts is not regulated by
integrins. Wild-type or STF
reporter NRK-49F cells were pre-
incubated with integrin
neutralising antibodies prior to
stimulation with full-length
WISP-1. Conditioned media was
harvested after 24 h and analysed
for CXCL3 content by ELISA for
wild-type cells (a) or cells lysed
and luminescent signal detected
after 48 h for STF reporter cells
(b). Results are expressed as the
mean ± SD (n=3)

Fig. 7 Natural WISP-1 is a high
molecular weight oligomer.
Western blotting for WISP-1 was
performed under either reduced
(a) or non-reduced (b) conditions
using conditioned media derived
from human cut lung slices or
recombinant WISP-1 produced in
the baculovirus expression system
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However, under non-reducing conditions both recombinant
proteins appear unchanged, suggesting they are monomeric
and also that multimerisation is independent of glycosylation
status.

Discussion

In our present study we demonstrate for the first time that
different domains of the WISP-1 protein play different func-
tional roles in important cellular functions such as adhesion,
angiogenesis and Wnt pathway activation. Data presented
here support the hypothesis that WISP-1 is a pleiotropic pro-
tein and that the multiple effects reported in the literature can
be attributed to the ability of the protein to interact with dif-
ferent cellular partners in different settings resulting in the
activation of distinct signalling pathways. We found unique
gene signatures on WISP-1 stimulation in fibroblasts and ep-
ithelial cells and evidence that the interaction between WISP-
1 and these cells rely on different receptors. WISP-1 driven
adhesion is observed in A549 cells but not NRK-49F cells and
likewise, WISP-1 does not activate the β-catenin pathway or
CXCL3 secretion in A549 cells (data not shown). This may be
due to adhesion being an integrin-dependent event and β-
catenin pathway and CXCL3 secretion being integrin inde-
pendent or alternatively, the latter pathways being reliant on
integrins not investigated in this study. Indeed, it is well doc-
umented that CCN1, CCN2 and CCN3 can bind at least 8
different integrins and that the functional consequences of
integrin binding by CCN proteins is cell context dependent
as governed by the repertoire of integrin receptor usage in
different cell types (reviewed by (Chen and Lau 2009).

We demonstrate here for the first time a link between
WISP-1 and activation of pro-angiogenic pathways which
may be relevant for the putative roles WISP-1 plays in both
cancer and fibrosis. While a similar chemokine profile has not
yet been specifically attributed to other CCN family members,
the pro-angiogenic effect of CCN2 (CTGF) is well document-
ed (Holbourn et al. 2009; Yang et al. 2005) and is thought to
be driven by interaction with integrins. Similarly, CCN1 and
CCN3 have also been shown to have pro-angiogenic activi-
ties. Whether this effect is also driven by the chemokines we
identified as downstream mediators of WISP-1 activity is yet
to be determined but the shared modular structure within the
family may suggest that most /all CCN family members can
mediate angiogenesis through similar mechanisms.

Previous groups have shown that WISP-1 can activate the
Wnt pathway through β-catenin signalling, a result we con-
firm in the present study. However, in our hands we saw only
modest induction in our reporter gene assay. Furthermore this
effect relied on a 48 h incubation period, suggesting different
kinetics to activation of β-catenin by Wnt3a or possibly an
indirect activation of the pathway by a secondary mediator

induced by WISP-1 in fibroblasts. Such activity would also
support the hypothesis that WISP-1 can act in both an auto-
crine and a paracrine manner, inducing the secretion of Wnt
pathway regulators in adjacent cells.

Importantly, we begin to dissect the contribution of differ-
ent domains of WISP-1 towards the effects we report. Our
data suggest that WISP-1 mediated adhesion of A549 epithe-
lial cells is mainly driven by the C-terminal domains of the
protein with weaker activity in the N-terminal vWC domain.
Regions of the protein that are involved in the activation of β-
catenin signalling and CXCL3 secretion also reside within the
C-terminal domains of the protein. It does not seem to be the
case however that each domain can act independently or that
individual functions are attributable to individual domains but
rather more that the observed effects are the cumulative result
of multiple domains working in concert, possibly due to the
need to engage with multiple integrins recognised by several
domains. A high cysteine content is common to all CCN pro-
teins and consequently, disulphide bonding contributes to pro-
tein structure. It could therefore be argued that the truncated
proteins we generated are structurally dissimilar to the same
domains in the full-length protein. Whilst the crystal structure
of WISP-1 is not available, modelling of other family mem-
bers suggests the protein domains are discrete (Holbourn et al.
2008) although unpaired bonds exist which may drive binding
to interaction partners or indeed dictate activity between do-
mains. Ultimately the elucidation of the structure ofWISP-1 is
needed to answer these questions.

Furthermore there is the additional complexity of WISP-1
multimerisation to consider, the importance of which and the
putative need for a high avidity interaction is pointed to by the
finding that natural WISP-1 is a high order oligo. The mech-
anism behind the multimerisation may involve additional fac-
tors since recombinant WISP-1 produced in a baculovirus
expression system is monomeric, suggesting that the
multimerisation motifs in the TSP1 and vWC motifs are not
sufficient to drive oligo formation in isolation. This may po-
tentially be an artefact of the protein production system or
alternatively, may indicate that binding to ECM components
is needed to allow WISP-1 to multimerise in vivo. Indeed
WISP-1 has been shown to interact closely with decorin and
biglycan (Desnoyers et al. 2001) and the absence of these
factors in vitro may account for the differences observed be-
tween recombinant WISP-1 and protein present in tissue. The
ability of the truncated WISP-1 proteins to form multimers
was not tested in this study but since they were generated in
the same expression system as full-length WISP-1 it is antic-
ipated that they would also prove to be monomeric.

Our results present an important first step in the functional
characterization of the WISP-1 protein. Future studies will
help to further delineate the complex interactions of this in-
triguing protein in different cell types and distinct cellular
contexts.
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