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Abstract: Systemic sclerosis (SSc) is a complex auto-immune connective tissue disease combining
inflammatory, vasculopathic and fibrotic manifestations. Skin features, which give their name to the disease
and are considered as diagnostic as well as prognostic markers, have not been thoroughly investigated in
terms of therapeutic targets. CCN proteins (CYR61/CCN1, CTGF/ CCN2, NOV/CCN3, and WISP1-2-3 as CCN4-
5-6) are a family of 'secreted matricellular proteins implicated in major cellular processes such as cell growth,
migration, differentiation. They have already been implicated in key pathophysiological processes of SSc,
namely fibrosis, vasculopathy and inflammation. In this review, we discuss the possible implication of CCN
proteins in SSespathogenesis, with a special focus on skin features, and identify the potential actionable CCN

targets.

Introduction

Systemic sclerosis (SSc), or scleroderma defined asa systemic connective tissuedisease
characterized byautoimmuneand vasculamanifestationsultimately leading taorganfibrosis [1]. Like
most autemmune diseases, SSc develops ayenetically predisposed background (the polymorphisms
that have beemridentified concern mostly the immune system), and is probablyettiggemvironmental
factors.However; the interplay between the vascular, immune, and fibrotic componegissrpoorly
understoodand™no real breakthrough has been made in terms of targeted treaffientslassical
pathophysiological features as well as the underlying molecular processes are piedeégted 1.

Skin "manifestations which give the name to the diseasare considered agliagnostic
subclassificationiseverity and prognosismarkers [2]. SSc skin effectively recapitulates the main
pathogenic processes of the diseasanely fibrosis, vasculopathy and inflammatibtoreover, evidence
emergessthaktey eventdnitiating the disease could take place in the skin, whereas éiositd or even
“outsidein” as im the field of atopic dermatitig3]. Besides classiclgl known features affecting the
dermis skin features also includearious types of pigmentary disordevshich affect up to half of the
patients such as perifolliculadepigmentatin [4] or diffuse hyperpigmentatiofb]. A recen study from

our group found a significant association between diffuse hyperpigmentation and ves@h@mentn

This article is protected by copyright. All rights reserved



SS¢ particularly digital ulcer$6]. Current knowledgef SSc @iderma featuresincludes overexpression
of PDGR, which was the starting point for targeting the PDGF-pathway[7]. Another aspect isbnormal
terminal differentiation, with an altered expression @y proteinsof the barrier,such as involucrin,
loricrin, and filaggrin[8]. The skin barrier function could be altered through the increafsk.-31 [9],
which has been shown in vivo to be responsible for transepidermal watém a4 ) [10]. However,
TEWL seems not altered in SSc sKii]. .

Paradoxically, skin manifestations have not been thoroughly investigated as pusiitdéors of
actionable targets. Deciphering thelecular mechanisms behirsitin fedurescould beapplicable to
other organs;andf importanceor SSc, particularljrom a therapeutic point of view.

In this centext, taking aim ahe CCN family of matricellular proteins could be promisirag they are
implicated in key,pathophysiological processes in &Swell as in skin homeostasithis family of six
matricellularproteins plag critical regulatoryroles ininflammation angiogenesisind wound healing
[12-16]. Initially identified as growth factorfl7-19], they have been shown to be involvedseveral
major cellular processes suchca#l growth, adhesion, migration, aagtracellular matrix homeostasis

The first member of the CCN familfCYR61 forcysteinerich angiogenic protein §lwas initially
characterized_iri990 inthe 3T3 murine cell line, as a an immediate early gene whose transcription was
triggered within @ few minutes upon serum stimulafid#]. Along this line, CTGHconnective tissue
growth factor)was rapidly identied in human endothelial cellsHUVEC) using PDGHQG affinity
chromatography28]. NOV (nephroblastoma overexpresseds discovered in chicken while sequencing
the flanking sequences of a virus used to induce nephroblafi®@harhe conserved primary sequence
as well as the similaetramodular organization of CYR61, CTGF and NOV tedheir designatioras
CCN (an acronynctoinedfrom the first letter of the three namda)mily of proteins[20]. Soon after
WISPY CCN4 (WNT1 inducible signaling pathway protein, WWISP2 CCN5, andWISP3CCNG6, were
discovered asipregulatedn a mouse mammary epithelial cell line after Vininduction[21]. Due to
their similar,multimodular structure (except CCN5, which lacks thHer@inal module)WISP proteins
were integratednto the CCN family of protein§22]. The comma strugure as well as binding sites for
proteins of interest in SSc are presented in Figure 2.

Characterization of CCN proteins in human skin rapidly followed, both at the celhdatisse level,
as well asgthdranscriptional and proteilevel [23-25]. Total skn transcriptomic analysis showehlat
CCNS5 is the'mest abundantly expressed CCN member in healthy skin in vivo, tbllypn@CN2, then
CCN3 and CCN{24].

Roles of CCN proteins are difficult to characterize due to several facibiguitous expression,

multimodular organization, different isoformgpm a functional point of view, they can act on a wide
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range of cellular processes, and sometimes present overlapping funcimrmiate, most studies in the
scleroderma field focus on the first three family members (GCENdnd on specific cellular processes
tissues. A summary of thgression of CCN proteins mealthy andsSc skin can be found in Table 1

In this review, we discuss the role of CCN proteins in the key pathophysiologicasges of SSc,
with a specialfocus on skin features, and tmeplication as potential new targets for therapies.

CCN proteinsinfibross

One of the most studied actors in SSc is CCNEyagor mediator of varioudibrotic conditions
including skin;"heart, lung, liver and kidng&6]. CCN2is increased in SSc skin, both at the mRbiAd
proten level. CCN2 is alsapregulated in SSfibroblasts(mRNA) [27]. It is elevated in the seruf28]
and correlated with the severity of skin and lung fibrosis. Moreover, polymorgto$rthe CCN2 gene
havebeen found/'to be associated with SR®,30] CCN2 itself is not sufficient to induce fibrosis in a
mouse model31].' However, itis needed for the maintenance of fibrosis when induced byflGE,33]
by promotingfibroblastadhesion to ECM componenit34]. Indeed, CCN2 is part of an autocrine {pro
fibrotic loop, independent of TG, initiated by endothelin-1 and inducing fibroblasts to synthetize and
contract ECM[14,27] In this context, CCN2 acts by enhancing adhesive responses te &
endothelinl in fibroblasts downstream of the arfibrotic protein PTEN (phosphatase and tensin
homologue)[35]. PTEN, which is reduced in SSc skin fibroblag6], acts bysuppressing PI3#\kt
signaling(phesphatidylinositol Xinase (P13K) and Akt/Protein Kinasg B7]. Its fibroblastspecificloss
in an in vivo model induces collagen deposition in the lung in a C@¥p2ndenmanner{38]. Overall,
inactivation of CCN2 i promising éad— more specific than a targeted T@Rherapy - in antifibrotic
therapies natably, fibroblastspecific ablation of CCN2 reduces skin fibrosis in the bleomycin mouse
model[33].

CCN3counteract CCN2 profibrotic pathway,although this has never been demonstrdiesttly in
the skin. In thevkidney CCN3is upregulated in response to T-Gkignaling as shown by several studies
of diabetie-renal: fibrosis, and is regulated in @pposite manner to CCNRB9,40] Treatment with
recombinat €CN3 succeeded in reducing glomerular fibrosis in a mouse model of diabetic néphropa
showing a capacity to reverse the disddd4é. The antifibrotic effect of CCN3 could work through the
regulation of multiple pathways, possibly via repression of CCN2 Ibat@CN4[42]. Moreover,CCN3
overexpression in a mouse fibroblast cell line blocked TGFB- and Wntregulated profibrotic gene
expressionf12].Of note, CCN3 mRNA has been found to be increased in SSEI&Rin

The role of CCN1 has noiebkn extensively studied in fibrosis, although its role in promoting tissue
repair in wound healing is becoming clealE8]. One study has found that CCMlinduced in dermal
fibroblasts by TGH along with CCN2 and a-SMA [43].
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CCNS5 is the most abundan€CN in the dermis in terms of mRN@&xpression25]. Contrary to
CCN2,CCNS5 has been found to be downregulated after-F@kposure in human skin fibroblasts [44].
Moreover, CCN2 and CCN5 present an opposite expression pattern in vasoolath muscle cells
(although they have not been studied toggth45]. However, no study has been conducted
characterize'thexpressiorof CCN5in SSc.

Little is known concerning the role of the other CCN proteins in skin. CCN4 has been iddntifie
skin fibroblasts and seems to play role in a paracrine enaby binding to decorin and bigign [46].
Moreover, €CN4 has been shown to regulate wound healing by modulating proliferagostjoni and
ECM expression in dermal fibroblasts via a5B1 integrinand TNFa [47].

CCN proteins infangiogenesis and vasculopathy

CCN1,2"and 3 are atinownaspro-angiogenicln particular, CCN1 and CCN2 are important actors
in endothelial cells homeostasisprking at least partly through binding to cell surface integrins; their
expression in endothelial cells is enhanced by VE4S}. However,althoughthe role of CCN2 rolein
SScis wellFdocumented, CCN1 and CCNMave been less studigdscleroderma.

CCNL1is known to enhanceibule formation in vitro via integrin6p1 and integrin avp3 [49].CCN1
has been implicated in SSc impaired angiogenesis in a recent{s@jdghowing that CCN1 expression
was markedly.decreased in dermal microvessels of patients with SSc as well as in the sB8an of
paients with digital ulcersAnother recent study showed that sitaneais knockdown of histone
deacetylases&nd;CCNL1 inhibited in vitro angiogenesighile overexpressin€CN1 in SSc endothelial
cells led to increase in tube formatifbil], suggesting that a decrease in CCN1 plays an important
functional role,in,SSc impaired angiogenesis.

In vitrog"CCN2 effectively recapitulates angiogenic eventsgmgmoting endothelial cell adhesion,
migration, preliferation, and tubule formatidf2]. In vivo, CCN2 enhances neovascularization in a
mouse model of retinopath$3]. However, recent in vitro studiesingcells and tissues from theQBI2-
null mouseeyedid not indicateany effect of CCN2deletion on neovascularization and angiogends$is
finding suggests thatCCN2 may be tissuespecific concerning angio/vasculogenesispossibly via
interaction with VEGH54]. Moreover,the results from the knoebut (KO) studiegouldindicatethatthe
upregulatiorof CCN2 observed in SSc is mainly responsible for enhanced fibrosis and is not rsutificie
correct vascular dysfunctiodccordingly, we have observed a decrease of CCN2 expression in cultured
SSc endothelial cells, whereas an increaag observed in SSc fibroblasts (unpublished data).

CCNB3 has beeshownto be preangiogenic in several studies: addition of recombinant CCN3 to rat
corneas induces neovascularizaties]; CCN3 is highly expressed at a basal state in endotheliabeells

is implicated in vascular repa@s well as induced in HUVECs by laminar shear stf&5s56] The
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mechanism underlyinigs pro-angiogenic actiotis probablyat least partly mediated tnding to several
integrins such as a5 [57]. Interestingly CCN3and CCN1lare decreased placental endothelial celtsf
women suffering from preclampsia, a pathological pregnancy condition characterized by hypoxic
vascular lesion$58]. The pathophysiology underlyinggeeclampsia isstrikingly similar to SScrenal
crisis. Unpublished data from an ongoing study of our group focusing on human microvascular dermal
endothelial’cells points towards an important role for CCN3 in angiogenesis in vitro.

Last, CCN4 promotes vascular smooth muscle cells migratiomitro via an integrirdependat

pathway{59], but its action hasotbeen studied in the vascular SSc system.

CCN proteinsin dermal inflammation and auto-immunity

A growingbaody of evidencaupports the concept thaCN1as a preinflammatory factor in skinin
the dermisCCN1is elevated during the inflammatory phase of wound healing and downregulated during
the extracellularimatrix remodeling phag@4]. CCN1 hasalso been shown to regulate macrophage
function during inflammation in mice, by supporting macrophage adhesion as well as amgguio
inflammatory cytokines such as TNH60]. Moreover, CCNL1 is able tactivate the cytotoxic potentiaf
TNF-o and thus te inducefibroblast apoptosi$61]. Interestingly, CCN1 isighly produced by thymic
epithelial cellsiand boosts-dell productionn mice[62]. Several studies have found an overexpression of
CCN1 in.thesepidermis of inflammatory skin conditions such as psoriasis, wh@mnmotes the
production of pranflammatory mediators such as-8[63], IL-13[64] or CCL-20[65].

CCNSis:present at a high lewsh the supernatant of T regulatory lymphocytes in the central nervous
system, where it promotes oligodendrocyte differentiation and myeling@&nPreliminary data from
our team indicat;high production of CCN3 by lyhageyte infiltrating the dermis in vitiligo. Moreover
CCNB3 expression is regulated by TNFand IL-1 [67], andCCN3 physically interastwith 1L33 [68], a
T-helper2 asseciatedytokineable to induce fibrosis SSc[69].

Similar to CCN3, CCN6gene expressions induced by TNFe and IL-1; of note, CCNG6 is
overexpressed in the synovial tissue of patients suffering from rheumatoidisaffi@f. However, such

observations have not been made in the skin.

CCN proteins and accelerated aging

There_isincreasingevidence that SSekin preserst several hallmarks of cellular aginsuch as
enhancedproduction of reactive oxygen species (ROS8)ethylation abnormalities andémpaired
autophagyf71]. CCN1has been associated with skin aging in several st{itfleg5]. Notably, it has been
shown to upregulate ROS production and induce skin fibroblasts senescence by binding to integrin a6p1

and heparin sulfate proteoglycan during wound rep@s]. Of note,knockin (KI) mice for a mutant
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CCN1 lacking thea6p1 integrin-binding Go-called senescencdefective CCN1)showed exacerbated
fibrosisin wound healingAnother study implicate€CNL1 in aberrant collagen homeostasis associated
with dermal fibroblasts senescenseggesting an important role for CCN1 in collagen [683. Indeed,

CCN1 is a known regulator of type I collagen production and degrad®dn

CCN proteinsin pigmentation

CCN3 mRNA"s the mosthighly expressed CN genein the epidermig25]. Its role in epidermal
homeostasis and particularly pigmentation regulation remains unitteapidermal expression seems to
be increased in.pigmented phototypé6] (interestingly, CCN5 seems to vary inversel@CN3playsa
major role‘in_melanocyte homeostasis and is implicated in melan@mhesion67]. Conversely,
downregulation of CCN3 in melanocytes results in cell detachment from the e@idievitro and could
be implicatedn pigmentary disorders such as vitiligo/]. To date, howevetheimplicationof CCN3in
thedevelopment of pigmentary chang#tenobserved in SSc has not been proven.

UV radiation,upregulates CCN1 and CCN2 expression in whole skin in vivo, whéveediation
downregulates CCN3, 4, 5 and CCN6 expressainthe mRNA level[24]. Interestingly, CCN1 has
recently been*found to stimulate melanogenesis through integrin a61 binding as well as p38 MAPK and
ERK1/2 signaling[78]. The authors suggestthat CCNL1 is a fibroblagierived melanogenic paracrine
mediator, 'secreted under UVB irradiation. This finding, along thighrole ofCCN1 in accelerated aging,

could beconsistentvith the“photoaging” pattern observed in some SSc patients.

CCN proteinsin epidermal differentiation

CCN2is increased in the epidermis of SSc patients, particularyhe basal membrang8]. This
increasewas predominantly seen in recent SSc (< 2 ye@&wsgordingly, CCN2 expression has been
shown to be_induced by TGF in human keratinocytes [79]. CCN2 is also thought to regulate
keratinocyte.migration via tHeRAS-MEK-ERK pathway[80].

Differential=expression of CCN3 and CCN5 within epidermal layers also suggeshdbkatfactors
are associated with epidermal differentiation, although the precise mechaniskmis/mi to date[25].
CCNB3 expression is reported as nuclear or-pedlear in basal keratinocytes, as opposed to cytoplasmic
in the upper layers, whereas CCN5 expression is reported weak and perinuclear in the basal layer and

strong and cytoplasmic in the upper layers.

CCN proteinsin animal models: what can we lear n about key pathophysiological processes of SSc?
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Knock-out (KO) and knockn (KI) animal models provide relevant information concerning the role
of CCN proteins in key pathophysiological processes of SSc. The KO modetstimigly point out the
major role of CCN1 and CCN2 (and to a lesser extent CGMBGCNS) in vasculogenesis. Moreover,
CCN1 and CCN2 seem to play a prominent role in fibrosis regulation, CCN1 being refgpforsimound
healing resolution and CCN2 for a persistent fibrotic phenotype as shown by the Kl na€iis.also
appears as an @ibrotic molecule. Lastly, CCN1 seems to be an important actor in inflamynator
processes."Surprisingly, CCN4 may come off both as apgigenic and anfibrotic protein, which
makes it an interesting actor in scleroderma. A summary of the phenofygp@ssgenic mice models can
be found in Table.

Are CCN proteins potential druggabletargetsin SSc?

Since CCN proteins aownstream effectorshey couldbe therapeutichl targetedwvithout affecting
major upstreamsignaling pathwaysHowever very few studies have reported the use of -&@N
antibodies in prelinical studiesand the proof of concepemains to bebtained.Figure 3summarizes
thepotential roleof CCN prdeins in SSc pathways and suggested targets for therapy

Recently, a mondonal antibody against CCN2 (F&19) haseenshown to inhibit skin fibrosis in
the angiotensiil induced SSc mouse mod@1]. In this study, the intrperitoneal injection of FE&019
(concomitantsterAngl injection) significantly reduced dermal thickness aollagen content in skin from
Ang-ll challenged mice, as well as the numberaS8MA-positive cells, PDGFRB and procollagen
expression=insthe upper derm8f note, the same antibody has been tested in anlapehphase Il
clinical trial designedfor patiers suffering from idiopathic pulmonary fibrosi82]. For one third of
treated subjeets=pulmonary function improved as welliiag fibrosis. Arandomizedplacebecontrolled
phase 2 clipical trial is currently underway.

SinceCCNdrispivotal formanypathophysiological pathways of SScCCNL-based therapy, whether
topical or systemicgould alsobe promisingfor SSc.Topical application of CCN1 haedeed shown to
reverse the enhamtdibrosis of cutaneous wounds in th&31 integrin-binding defective CCN4KI mice
[75]. Conversely, aneutralizing aniCCN1 polyclonal antibodyinhibited angiogenesis in an oxygen
induced retinopathy mouse mod&3] as well as aone fracture mouse modf84]. A monoclonal
neutralizing antibody against CCN4 has also been used in a murine model of pulmonary dibdosis
showed "premising results in reducing the espi@n of genes implicated fibrosis and epithedil-to-
mesenchymal transitiof85]. However, these two antibodies have never been used, to our knowledge, in
the skin or for scledermaFinally, a recombinant CCN3 has been used successfully in a mouse model of

renal fibrosig41], and could be considered for skin issu
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In conclusionknowledge gained fromstudiesof therolesof CCN proteins in dermal and epidermal
biological processes can be applicable for other organs. Moreover, due to multiplentinéd CCN
protein,effective therapeutistrategies mayely on downregulating or upregulating specific CCN proteins
in SSc.Based on emerging evidence, there is a growing nesgstematically determinie roles of all
CCN family members ithe pathophysiological pathways that are characteristic of scleroderm&sSian.
models pravide an ideal opportunity to test the concept of therapeutic targeting ogbrGtehs for the
treatment of SSc.
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