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DPPGCRNSARGLVLLRCGLAHAVAIVRVILTAVMACPLEKALDVMVSTFHKYSGK
EGDKFKLNKSELKELLTRELPSFLGKRTDEAAFQKLMSNLDSNRDNEVDFQEYC
VFLSCIAMMCNEFFEGFPDKQPRKK*

Figure 3 Organisation of the ST00A4 sequences in clone CLM. (A) The nucleotide sequence of the GAL4AD-CLM clone at the cloning site
and (B) the protein encoded by the GAL4AD-CLM clone at the cloning site. The pPGADGH vector sequences are indicated in italics. The Hela

cDNA transcripts were cloned at the EcoRl site. The nucleotide sequence contained between e1b and e2 corresponds to the alternative 5'
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non-coding sequences characterised in human cells. The ST00A4 coding sequences are contained in exons 2 and 3. The two sets of sequences

in bold correspond to the calcium binding loops in the STO0A4 protein. The first calcium binding site, which is encoded by exon 2, is
composed of 14 amino acids with a helix-loop-helix conformation (helix A: VMVSTFHKY; loop 1: SGKEGDKFKLNKSE; helix B: LKELLTR). It
corresponds to the binding loop of the pseudo EF hand (from V at position 11 to E at position 41) characteristic of the S100 proteins. The
second calcium binding site, encoded by exon 3, is composed of 12 amino acids (helix C: AFQKLMSNL; loop 2: DSNRDNEVDFQE; helix D:
YCVFLSC) contained in a canonical EF hand (from F at position 52 to | at position 82).

extracted once with 200 pl of a 24/1 mixture of chloroform and
isoamyl alcohol, and precipitated by the addition of 15 pl 3M
sodium acetate and 500 pl of pre-chilled (-20°C) absolute
ethanol. After 10 minutes of incubation in a dry ice/ethanol
bath, the DNA precipitate was collected by a 10 minute
centrifugation at 12 000 X g in a microcentrifuge, washed once
with 70% chilled ethanol, and dried by speedvac centrifuga-
tion at medium temperature. The DNA precipitate was resus-
pended in 6 pl of sterile distilled water and mixed with 25 pl of
the TNT reticulocyte extract, 2 pl of the TNT reaction buffer,
1 pl of T7 RNA polymerase, 1 pl of ImM amino acid mixture
deprived of methionine, 1 pl of RNAsin ribonuclease inhibitor,
and 4 pl of [”’S] methionine (37 TBq/mmol, 10 mCi/ml). The
mixture was incubated for 1.5 hours at 30°C; the in vitro pro-
teins were analysed by electrophoresis on a 15% polyacryl-
amide gel and visualised by autoradiography.

Sequencing
DNA sequencing was performed routinely at Genomex
(Grenoble, France).

GST pull down

Samples of [*S] labelled protein from in vitro transcription/
translation (20 pl) were incubated for 18 hours at 4°C on a
rotating wheel with 5 pl of GST-CCN3 Sepharose beads in a
total reaction volume of 100 pl of binding buffer (20mM Tris/
HCL, pH 7.5, 100mM KCl, 2mM CacCl,, 2mM MgCl,, 5mM DTT,
0.5% NP40, 5% glycerol, 100mM PMSF, 10mM TPCK, and
10mM TLCK). After incubation, the GST sepharose beads were
washed five times with 2 ml of chilled PBS and the protein
complexes bound to the beads were analysed by electrophore-
sis on a 15% polyacrylamide gel and visualised by autoradiog-
raphy.

Cell culture
The glioblastoma G59 cells have been described previously.”
The SK-N-SH cells are neuroblastoma derived cells. Cells were

grown in a 5% CO, atmosphere at 37°C in DMEM supple-
mented with 10% serum (for G59) or 5% serum (for
SK-N-SH), 2mM glutamate, 200 pg/ml penicillin, and 100 pg/
ml streptomycin sulfate.

Intracellular calcium measurement

The transient increase of intracellular calcium concentration
was measured in response to activation of SK-N-SH and G59
cells using a dynamic imaging microscopy system QuantiCell
700 (VisiTech international Ltd, Sunderland, UK) with 15-20
cells in each field, as described previously.” ** Cells were grown
on glass coverslips (22 mm) for four days. They were then
loaded with 4mM Fura-2 AM (Molecular Probes, Interbiotech,
France) in PBS supplemented with 1.3mM CacCl,, 0.8mM
MgCl,, 5mM glucose, and 20mM Hepes/Tris (PBSc), pH 7.4 at
37°C for one hour. After washing with PBSc and background
recording for 40 seconds (20 images), the cells were treated
with GST-NH25 or GST alone as control. Fluorescent images
were recorded every two seconds and the intracellular calcium
concentration was calculated from the ratio of the fluores-
cence intensities at 340 and 380 nm on a pixel basis. The
dose-response curve for intracellular calcium concentrations
was obtained by integrating the area under the curve (meas-
uring calcium transients plotted as a function of time for each
field from the addition of the GST-NH25 until the end of
image recording, 200 seconds) and averaging the fluorescence
from the whole field of cells chosen.” The calcium stimulation
curves were determined for each tested concentration of GST-
NH25.

RESULTS

CCNB3 physically interacts with S100A4 calcium binding
protein

A HelLa cell ¢cDNA library fused with sequences encoding the
yeast GAL4 transcriptional activation domain in the pGADGH
vector was used to screen for proteins interacting with CCN3.
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Figure 4 Effect of GST-NH25 on intracellular calcium increase in G59 and SK-N-SH cells. (A) The GST-NH25 protein (1 pg/ml) was added
to G59 cells after 40 seconds of background recording. (B) GST only (5 pg/ml) was fested as control on G59 cells. (C) Under the same

conditions, GST-NH25 (2 pg/ml) was applied to SK-N-SH cells.

The CCN3 pGBT9 derived bait plasmid was obtained after fus-
ing the CCN3 sequences encoding domains 2-4 (fig 1) in
frame with the DNA binding domain of GA14."” ** The ration-
ale for using the coding sequence CCN3 of the full length
secreted CCN3 protein was based on the assumption that spe-
cific interactions might involve structural motifs resulting
from the tertiary structure of the CCN3 protein and from the
physical interaction of different domains. The screening was
performed as described in the materials and methods section
and several clones encoding proteins interacting with CCN3
were isolated. To check that candidate clones encoded proteins
that could physically interact with CCN3 outside of the yeast
nucleus, the plasmids encoding the potential targets were

www.molpath.com

purified after transformation of HB101 bacteria and PCR
amplified before being used for in vitro transcription/
translation (see materials and methods). The [”S] labelled
proteins synthesised from the PCR amplified templates were
used to run GST pull down assays. In many cases, binding of
in vitro labelled proteins to GST-CCN3 sepharose beads took
place as shown by SDS-PAGE. The sequences of the
corresponding cloned inserts were established and analysed
with the BLAST program from NCBI (National Center for Bio-
technology Information; http://www.ncbi.nlm.nih.gov).
Among the different plasmids that encoded potential part-
ners of CCN3, four independent clones shared a high degree of
identity with the S100A4 calcium binding protein (also
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Figure 5 Intracellular calcium mobilisation induced by increasing
concentrations of GST-NH25. Neuroblastoma SK-N-SH (open
squares) or glioblastoma G59 (closed squares) cells were treated
with increasing concentrations of GST-NH25 protein. The
intracellular calcium influx was determined for each concentration,
and represented as the percentage of the maximal activation. All
other details are as described under the materials and methods
section.

designated p9Ka, calvasculin, CAPL, mtsl1, pEL98, 18A2, 42A
and fsp (see R Barroclough™ for a review)). The longest clone
showed 100% identity with S100A4 mRNA over 512 nucle-
otides. Analysis of the insert sequences indicated that it
encoded the full length (101 amino acid residues) S100A4
protein (fig 3). Interestingly, the 5" non-coding sequences
found upstream of the S100 A4 protein initiation codon were
inserted in frame with both the GAL4 transactivation domain
of pGAD-GH and S100A4, thereby encoding a stretch of 25
amino acid residues inserted between the two fused proteins.
The 5' proximal sequences of the S100A4 insert corresponded
to an alternative non-coding exon designated elb, which was
first identified in S100A4 ¢cDNA species isolated from a human
osteosarcoma library and reported to be more abundantly
expressed in HeLa cells and human adrenal carcinoma cells,
and to be predominant in lung carcinoma.

The interaction of CCN3 with S100A4 raised the possibility
that it might also be involved at some stage of calcium signal-
ling, and led us to check whether CCN3 itself might exhibit
any effect on the intracellular calcium concentration.

Induction of intracellular calcium waves by CCN3

The application of GST-NH25 resulted in a transient increase
of the intracellular calcium concentration in G59 glioblastoma
cells (fig 4A). When the control GST protein alone was
applied, there was no effect on the concentration of
intracellular calcium (fig 4B). A similar transient increase in
calcium was also seen with human neuroblastoma SK-N-SH
cells upon GST-NH25 delivery (fig 4C).

Furthermore, a transient increase in intracellular calcium
was also induced when GST-CCN2 was applied to G59 cells
(data not shown). No increase was induced by the GST-fibulin
C fusion protein, which contained the portion of fibulin C
interacting with CCN3.*

The calcium response was dependent upon GST-NH25 con-
centrations. The amplitude of the transient calcium waves
increased with the amount of GST-NH25 added, reaching a
maximum at 10 pg/ml of GST-NH25 fusion protein. Toxic
effects (including the cells blowing up) were seen when higher
concentrations of the GST fusion protein were used. The
dose-response curves presented in fig 5 gave IC50 values of 1.3
and 2.4 pg/ml of GST-NH25 in G59 and SK-N-SH cells,
respectively.
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To determine the origin of this transient calcium increase,
several calcium blockers were tested (fig 6) on both SK-N-SH
(fig 6A-D) and G59 (fig 6A’-D’) cell lines. The intracellular
calcium concentration increased after the addition of 2 pg/ml
of GST-NH25 (GN) to SK-N-SH cells (fig 6A), but this
increase was totally inhibited in a calcium depleted medium
(20mM EGTA) (fig 6B). Conversely, under the same condi-
tions, GST-NH25 induced a transient calcium increase in G59
cells, even in the absence of extracellular calcium (fig 6B").

Furthermore, the addition of CaCl, to EGTA containing
medium induced a sustained increase of intracellular calcium,
suggesting a mixed interaction of CCN3 with the stimulation
and release of intracellular calcium from the internal store
and with the entry of extracellular calcium in G59 cells.

The addition of verapamil (1pM; fig 6C,C’), a blocker of
voltage dependant calcium channels,” or the addition of
flunarizine (10pM; fig 6D,D’), a blocker of voltage dependant
sodium and calcium channels,” did not modify the transient
calcium increase induced by GST-NH25 in the two types of
cell line.

DISCUSSION

It is now well established that cytoplasmic calcium is a key
messenger that regulates many different biological functions,
including cellular communication, proliferation, and differen-
tiation. Concentrations of intracellular calcium are tightly
controlled by processes involving both uptake from exogenous
sources and the mobilisation of intracellular stores associated
with the endoplasmic reticulum network. The entry of calcium
into cells is controlled by a complex set of channels that can
open either upon binding of an external signalling ligand
(voltage and receptor operated channels) or as a result of cal-
cium depletion of internal stores (store operated channels).
Several classes of cell surface receptor playing key roles in
cell-cell and cell-extracellular matrix adhesion have been
reported to be calcium binding proteins. For example, several
integrins stimulate changes in intracellular calcium concen-
trations that are associated with the regulation of cell fate and
development.™* >

In many cells, biological regulators induce propagating and
oscillatory rises in intracellular concentration as a result of
calcium release form the endoplasmic reticulum. The spatio-
temporal regulation of calcium release involves several
channels, of which the inositol 1,4,5-triphosphate (IP3)
receptors have been the most extensively studied, along with
the ryanodine receptors (RyR) (for recent reviews see Cullen
and Lockyer* and Berridge and colleagues” **). The flow of
calcium into the cytoplasm could be deleterious if intracellu-
lar calcium concentrations were not controlled by buffer
systems, which regulate the delivery of calcium in the cell.
Members of the S100 family of proteins play an important role
as calcium sensors and buffers.

It is noteworthy that CCN3 expression is tightly associated
with the control of cell proliferation and is detected during
development in tissues where calcium metabolism is of prime
importance.” For instance, the pattern of CCN3 expression
during chondrogenesis in vivo and in micromass cultures sug-
gested that it was involved in the late phases of the chondro-
genesis process, probably at the transition between chondro-
genesis and osteogenesis, when there is tight control of
calcium metabolism leading to bone mineralisation." The
adrenal gland, cardiomyocytes, renal tubules, and axons were
among other sites of CCN3 expression during normal
development in both humans and animals.* In all cases,
calcium metabolism and ion migration are essential for the
proper biological functions of the corresponding organs.
Therefore, the physical interaction of CCN3 with S100A4 could
play a role in the processes, controlling the bioavailability and
concentrations of intracellular calcium in these situations.
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Figure 6 Effects of calcium blockers on intracellular calcium mobilisation induced by GST-NH25 in (A-D) SK-N-SH and (A’-D’) G59 cells.
GST-NH25 (2 pg/ml) was applied in (A,A’) the absence or the presence of (B,B') 20mM EGTA, (C,C’) 1pM verapamil, or (D,D’) 10pM

flunarizine.

The S100A4 protein is a 101 amino acid calcium binding
protein. It belongs to the S100 (soluble in 100% ammonium
sulfate) family of proteins, the first members of which were
isolated from bovine brain.” To date, 16 members sharing
various degrees of amino acid sequence identity make up the
S100 family of proteins. They contain two calcium binding
sites with a helix-loop—helix structure (EF hands). As is the
case with other S100 proteins, the N-terminal EF hand site of
S100A4 is composed of a 14 residue calcium binding loop with
a high number of basic residues, whereas the C-terminal EF
hand of S100A4 encompasses a canonical 12 amino acid loop
including several acidic residues (fig 2) (see Smith and
Shaw™" and Nelson and Chazin" for reviews). The two EF hand
motifs have different affinities for calcium and the S100 pro-
teins are generally thought to modulate the propagation of
calcium signals via their ability to bind calcium.

www.molpath.com

“The physical interaction of CCN3 and S100A4 now
extends the range of interactions of the CCN family of
cell growth regulators, whose role in controlling
fundamental aspects of cell survival and multiplication is
becoming increasingly important”

In normal conditions, the expression of S100A4 is rather
ubiquitous. It has been detected in a variety of developing
mesodermal embryonic tissues during mouse development
and was proposed to be involved in mesenchymal-epithelial
interactions.” The S100A4 protein has also been detected in
bovine retina,” human developing and adult central nervous
system,* platelets,” and heart,* at sites where CCN3 and other
CCN proteins have also been reported to be expressed.

A variety of target proteins, including p53, S100Al,
non-muscle tropomyosin, non-muscle myosin heavy chain, F
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actin, liprin 1, and methionine aminopeptidase 2 were found
to interact with S100A4."* Whether the variety of targets is a
reflection of different biological properties and modes of
action remains unclear.

The physical interaction of CCN3 and S100A4 now extends
the range of interactions to the CCN family of cell growth
regulators, whose role in controlling fundamental aspects of
cell survival and multiplication is becoming increasingly
important. This interaction raises a question regarding their
biological site of interaction. S100A4 has been described as
essentially a cytoplasmic protein; however, there is evidence
for the existence of extracellular S100A4. For example,
S100A4 was secreted by bovine aortic smooth muscle cells, rat
embryo fibroblasts 3Y1, and periodontalm ligament cells in
culture.”” Furthermore, S100A4 binds to the 36 kDa extracel-
lular matrix microfibril associated glycoprotein. The CCN3
proteins have been detected in extracellular matrix, in condi-
tioned cell culture medium, in the cytoplasm, and in the
nucleus." ™ Whether the interaction of CCN3 and S100A4
takes place within the cell, in the extracellular matrix, or in
both regions, remains to be established.

The S100A4 gene belongs to a cluster of 13 S100 genes,
which are found on human chromosome 1q21,”* with a high
degree of conservation when compared with the mouse chro-
mosome 3.” Considering that this region has been reported to
be rearranged frequently by deletions, duplications, and
translocations during carcinogenesis, one could expect that
the expression of this gene cluster might be affected in cancer
cells. Indeed, the expression of S100A4 has been associated
with several aspects of carcinogenesis, including increased
malignancy of cancer cells and poor prognosis.®** S100A4 has
also been reported to be a metastatic factor that might induce
tumour progression via the stimulation of angiogenesis.””

The physical association of CCN3 and S100A4 that we have
uncovered is in agreement with the association of both
proteins with cancer development and metastasis.

We have previously reported that the expression of a trun-
cated CCN3 protein in chicken primary fibroblastic cells
induces morphological transformation,® and that in some
human tumours the expression of CCN3 is associated with
increased proliferative capacity of cancer cells. Furthermore,
the expression of CCN3 in primary Ewing’s tumours is associ-
ated with a higher risk of developing metastasis.”' Conversely,
we have shown that in human glioblastomas, the expression
of nov interferes with tumorigenicity and cell growth.” The
fact that S100A4 values were not greatly increased in human
astrocytomas and glioblastomas™ might be relevant. It will be
interesting to establish whether these differences can be
related to differential SI00A4 concentrations, changes in cal-
cium signalling, or altered interactions between CCN3 and
S100A4.

“The connection with calcium signalling opens new
avenues that should help to decipher the role of the CCN
regulatory proteins in processes governing cell growth
control, development, and normal and pathological

physiology”

Another aspect of the relation between CCN3 function and
calcium signalling was raised by the pronounced increase in
intracellular calcium concentration, which was transiently
induced in CCN3 treated G59 and SK-N-SH cells. The results
obtained with blockers of voltage dependent calcium and
sodium channels allowed us to distinguish between two
different activities of CCN3. In G59 cells, both entry and the
mobilisation of the internal calcium store were induced by the
addition of CCN3, whereas only the entry of external calcium
was induced in SK-N-SH cells. Because the inhibitory effect of
EGTA upon the calcium increase was reversed after the addi-
tion of CaCl,, CCN3 is unlikely to be a ionophore by itself.
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Take home messages

The S100A4 calcium binding protein was identified as a

partner of CCN3, which may partly explain the association

of CCN3 with carcinogenesis and its pattern of expression

in normal conditions

e The addition of CCN3 and CCN2 to glioblastoma and
neuroblastoma cells caused a pronounced but transient
increase of intracellular calcium, originating from both the
entry of extracellular calcium and the mobilisation of intra-
cellular stores, so that voltage independent calcium
channels might be of considerable importance for the regu-
lation by CCN3 of the calcium flux associated with cell
growth control, motility, and spreading

e These observations assign for the first time a biological

function to the CCN3 protein and indicate a broader role

for the CCN proteins in calcium ion signalling

The uptake of extracellular calcium induced by CCN3
proceeded even when voltage dependent channels were
blocked. Therefore, it is tempting to speculate that it involves
store operated calcium channels, a heterogenous subset of
plasma membrane calcium ion channels. The best character-
ised channel of this type was originally described in mast cells
in which the depletion of calcium induced a sustained calcium
inward current that was not voltage activated and therefore
termed ICRAC (for calcium release activated calcium).”””

The mobilisation of intracellular calcium stores by CCN3 in
G59 cells might involve specific receptors and IP3 activated
channels. Along this line, the interaction of CCN1, CCN2, and
CCN3 proteins (B Perbal, unpublished data, 1997)"* with
integrins might be of relevance. It is well established that the
binding of integrins with their ligands frequently results in a
transient increase of intracellular calcium values and that cal-
cium transients can mediate intracellular changes that feed
back to the integrins as part of the “inside out signalling”
mechanism. The binding of calcium is required for the optimal
binding of ligands to integrins, the typical extracellular o
chain domain of which contains four EF hand calcium
binding sites.

The lack of response of SK-N-SH cells to GST-NH25 in the
absence of an extracellular pool of calcium might result from
differences in the receptors found in these cells, or from
biochemical variations in the treatment of information result-
ing from the presence of an inhibitor or the lack of a transmit-
ter in SK-N-SH cells.

In addition to integrins, CCN3 can interact with fibulin 1C
and NOTCH]1, both of which contain calcium ions in their
EGF-like motifs. It will be interesting to determine whether
the regulation of intracellular calcium concentrations by
CCN3 affects in any way its association with these proteins
and their biological activities.

The interaction of CCN3 with S100A4 and its ability to
induce a transient increase of intracellular calcium by two dif-
ferent mechanisms add another degree of variety to the pleio-
tropic biological properties of the CCN proteins. The connec-
tion with calcium signalling opens new avenues that should
help to decipher the role of these regulatory proteins in proc-
esses governing cell growth control, development, and normal
and pathological physiology.
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