Qeios

v1: 19 November 2024

Preprinted: 21 October 2024
Peer-approved: 19 November 2024

© The Author(s) 2024. This is an
Open Access article under the CC BY
4.0 license.

Qeios, Vol. 6 (2024)
ISSN: 2632-3834

geios.com

PEER-APPROVED

Review Article

The CCN Family of Proteins: A Critical
Approach to the Multi-Modular
Structure of the CCN Domains

Bernard Perbal!

1. International CCN Society, Nice, France

The CCN family of proteins is composed of six members (CCN1-CCN6) sharing a tetra-modular
organization and a striking conservation of their primary structure. The CCN acronym was
originally assigned in 1993 by P. Bork to three newly discovered factors (originally called CTGF,
CYR61, and NOV), which he proposed to constitute a new family of proteins on the basis of their
common physical features. Six years later, three other proteins (Wisp1-3), sharing the same
tetramodular organization, joined the family (figure 1). The HUGO-recognized acronyms for the
CCN proteins were officialized in 2018111,

The CCN family turned out to contain positive and negative regulators of cell proliferation and
differentiation, with pro- and anti-tumorigenic activities. A significant amount of work has been
performed to identify the participation of the constitutive modules in these biological features.
The aim of this review is to briefly examine the potential roles assigned to the constitutive
modules of CCN proteins and propose a critical view of the structural basis for their interactions
and functions.
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The general picture

Soon after the discovery of the multi-modular organization of the CCN proteins, questions were
raised regarding the possible evolutionary biological advantages resulting from the reunion of five

constitutive exons in a single polypeptidem.
The main question, which is still open, was to determine “the participation of each module in the

function of the full-length protein. Either the activities of each CCN module add up or they confer on the
whole protein specific functions that might substitute or add to the function of the individual modules”
Perball2l. The case of CCN proteins is not unique.

There are many examples of evolutionary functional domains clustering, leading to a coordinated
regulation of the elementary activities encoded by different genes contributing to a final biological
unified function. One famous example that we presented in a recent review2l is provided by the
evolution of the pyrimidine biosynthetic pathway from bacteria to eukaryotes.

Briefly, the bacterial de novo pyrimidine biosynthetic pathway requires the sequential participation of
six independent enzymatic reactions performed by physically separate genes (pyrA to PyrF) that
catalyze the biosynthesis of uridine monophosphate from glutamate and carbonic acid. In mammals,
the first three steps of the biosynthetic pathway are performed by a single polypeptide multi-
enzymatic hexamer of 243 kD (CAD) harboring the three enzymatic activities leading to the
formation of DHO! (figure 2).
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Figure 2.

The last two steps in the biosynthesis of UDP are under the control of bifunctional proteins
containing both the OPRT (Orotate-phosphoribosyltransferase) and OMPDC (orotidine

decarboxylase) domains21©l,
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Functional analysis of the modules

The phylogenetic reunion of the CCN modules on one single polypeptide might serve the purpose of
grouping in a unique transcriptional unit several structural modules having different functions in
order to permit a topographical synchronization. A common theme in evolution.

Many reviews have already addressed the biological activities of individual CCN domains.
Unfortunately, a few aspects were overlooked. Not trendy, questioned some established “dogma,” or
were simply ignored because of a lack of referencing.

It is neither the place nor the aim of this review to come back to these questions. We do hope that
they will make a comeback when the CCN community will finally consider more thoroughly the
points P. Bork expressed over 30 years ago in his seminal paper about the shuffling of exons
supplying the ideas of: «the molecular basis for a complex functional network allowing multiple
regulation in and between nearly all tissues. It combines the most different functional complexes like, for
example, the antibody framework, inflammation processes or the hematopoietic system..» and

«coordination of various functions within the world of extracellular proteins»{Z1

In my opinion, a few pending questions regarding the participation of the individual modules’
biological features remain to be addressed.

For example, can we draw simple conclusions from the evolutionary conservation of the number of
modules and their relative positions in the full-length CCN proteins?

Are we approaching the problems in a timely fashion when we still focus on one particular isolated
function at a time of global spatial biology and whole genome sequencing, which are widely used in
the studies of several normal and pathological systems?

Does it make sense to consider any particular CCN protein as a unique tool or study object when data
that has accumulated over the past decades supports physical and biological positive and negative
interactions between different members of the CCN family, within the CCN group, and out of the
group with the large families of signaling factors with which they undoubtedly interact?

As previously pointed out(8L, “Altogether, the presence of these four modules in a single protein is not just a
curiosity that is worth mentioning. It likely provides the cell with another « multi sensing station »
permitting coordinated interactions with key signaling pathways involved in the regulation of cell
behavior”, and as Bork also stated in his article « coordination of various functions within the world of

extracellular proteins»m.

Are we right to consider only the activities of the isolated modules under conditions that cannot
represent their participation in the full-length CCN proteins?

The tale of TSP1 and nuclear CCN addressing

Recently, new TSP1 advances were presented during the 12th Workshop on the CCN family of
Genes2,

Previous studies! proposed that CCN proteins are preproteins that need to be processed to become
active. This suggestion was in full agreement with previous data from our laboratory, which
demonstrated the existence of truncated CCN protein variant forms that were detected in cell culture
medium and cellular extracts from CCN-producing cellslZlll and the demonstration that CCN3 was
subjected to proteolytic post-translational modification and that the CT-Terminal module was

responsible for the anti-proliferative activity of CCN312113]

This year, the group reported?! that the TSP1 domain of both CCN3 and CCN5 can counteract the
principal profibrotic activity of TGFbeta 1 in fibroblasts. The TGFbeta 1-stimulated fibroblast to
myofibroblast differentiation was partially reversed by CCN5-TSP1.

Previous work from the group of Parkll had demonstrated that the CCN5 TSP1 domain alone is not
sufficient for the antifibrotic function of the full-length CCN5. They also showed that, in addition to
the TSP1 domain, either the IGFBP or the VWC domain is also required, raising the possibility that
new functions may be enhanced or created by the modification of the modules’ environment,
independent of the required post-translational modification that still needs to be demonstrated in
vivo.

These observations suggest that the integration of TSP1 within a physiological context can have its
biological properties modulated, provided that the flanking modules are present. This is in favor of
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the biological properties of the constitutive CCN modules needing to be carefully evaluated in the in
vivo context.

Furthermore, in their work, Park et al. established that the TSP1 domain of CCN5 is essential and
sufficient to support the nuclear localization of the full-length protein[4l

Initially discovered in tumor cellsi2l the nuclear localisation of CCN3 was not fully accepted by the
scientific community, even though the nuclear localisation of CCN2 was demonstrated two years
later[16],

The use of clones expressing various parts of CCN3 permitted the identification of the CT domain as
the one responsible for the translocation of the full-length CCN3 and showed that amino-truncated
proteins lacking the signal peptide and one or two N-terminal domains were translocated to the
nucleus, where the CCN proteins were shown to colocalize with the HSV1-ICP4 transcription factor
and physically interact with the rpb7 subunit of RNA polymerase II. Even though these observations

were reinforced by the immunogold localization of CCN3 in the nucleusiZ, the nuclear localization of
CCNS3 was not considered.

The situation might evolve in the right direction thanks to the Park publication. Observations
confirmed that the nuclear translocation of CCN5 was critical for its anti-fibrotic activity and that the
TSP1 domain of CCN5 was essential for the endocytosis and nuclear translocation of CCN5.

Additional observations by the Park Group that should be taken into account by others in the field
demonstrate that TSP1-VWC, but not IGFBP-TSP1, could reverse the transdifferentiation of
myofibroblasts to fibroblasts, leading us to the last part of this communication.

The hinge that separates the two duplexes of amino and carboxy-proximal CCN domains has been
recognized as potential protease targets. Interestingly, the digestion of CCN2 (CTGF) by plasmin
generated two N- and C-terminal paired domains migrating with an apparent MW of 20 kDa,
showing different biological activities38l The carboxy-proximal bifold part was shown to induce cell
proliferation and DNA synthesis in concert with EGF, while the amino-terminal bipartite part
stimulated differentiation and collagen synthesis in concert with IGF. These authors suggested that
CCN2 “could be viewed as two cytokines that have been linked into a single gene product”, in agreement
with our above proposal that during the evolutionary processes, the four constitutive CCN exons
were brought together to provide a “coordinated” level of expression, leading to a balanced
production of each CCN component.

Structural features guiding the modular organization of the CCN
proteins?

We have seen above that the four distinctive CCN modules are organized in a very conserved way
among vertebrates. Whether this arrangement originated from the splicing of an ancient single
polycistronic transcriptional unit giving rise to four polypeptide chains is not supported by the
chromosomal distinct localisation of the CCN genes. It was therefore proposed that exon shuffling
had been responsible for the constitution of the CCN proteins as we see them in vertebrates.
Interestingly, the “CCN-like” modules mapped in ancient living species show an arrangement that is
very similar to their organization in “modern” CCN proteins, in spite of the reduced number.

Most interestingly, the VWC-TSP1 domains pair is found in all Branchiostoma floridae, Ciona
intestinalis, Drosophila melanogaster, and Crassostera Gigas, while the IGFBP domain is found only in

Ciona intestinalis and the CT domain in Crassostera gigas!2! (figure 3).
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Structural modules during evolution
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Figure 3.
After Hu et al

The evolutionary conserved synteny of the VWC-TSP1 pair and the occasional appearance of the
IGFBP and CT domains may suggest that specific structural features guide the relative position of the
VWC and TSP1, whose functions may be interdependent.

It is remarkable that during evolution, the order of the constitutive domains is conserved. Even if
mutational events affecting the organization of these four domains may have been counter-selected
for functional reasons[2% it is unlikely that the conserved scheme is the result of fortuity, based on
the unique functions that they confer on the full-length proteins.

Also, the variant CCN species, lacking modules, which have been identified in normal and
pathological conditions, showed the same arrangement for the conserved modules2L111,

As Isuggested in several CCN workshops, it would be interesting to determine whether experimental
domain shuffling would affect or alter the biological properties of CCN proteins. For example, the
addition of a CCN-CT domain to CCN5 would recast its functions and modify the range of its
interactions with other regulatory factors. The same approach could address the importance of the
various cysteine residues in the maintenance of the biological properties of the four modules.

It is well established that CCN proteins are involved in a wide variety of interactions with regulatory
factorsi2213l (figure 4). The conserved organisation and order of the CCN domains may be critical to
their physical interaction and biochemical partnership with other biological factors. The unique
tertiary structure of each domain, which is determined by the presence of conserved disulfide bonds,
is of considerable importance to promote physical proximity and interactions. A great number of
potential partners have been published.
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After Perbal et al2l

The spatiotemporal regulatory model that was proposed several years ago!2! was meant to clarify the
way to approach this particular question. The model does not only rely on the experimentally
established bioavailability of the different partners and their accessibility; it also requires that the
interactions between the targets are made possible by the physical occupancy or vacancy of the
association active site. However, no study addressed the problem of potential dual occupancy for the
same binding regions or sites. Furthermore, most binding studies were performed on isolated
domains without taking into account the state of the target in the whole protein. This is a critical and
necessary point to evaluate the likelihood of ligands-targets combinations.

In other words, significant binding studies must be performed on full-length native CCN proteins in
precisely defined contexts.

The main conclusion emerging from all these considerations is pointing out the inadequateness of
studies performed on isolated domains.

Conclusion

As previously advocated, future approaches should be comprehensive and based on spatial biology
methodologies, which will be mandatory to reach successful biomedical applications based on a deep
understanding of the unique multi-domain biology of the CCN proteins.
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