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Abstract

The microenvironment contributes to the excessive connective tissue deposition that characterizes fibrosis.
Members of the CCN family of matricellular proteins are secreted by fibroblasts into the fibrotic
microenvironment; however, the role of endogenous CCN1 in skin fibrosis is unknown. Mice harboring a
fibroblast-specific deletion for CCN1 were used to assess if CCN1 contributes to dermal homeostasis, wound
healing, and skin fibrosis. Mice with a fibroblast-specific CCN1 deletion showed progressive skin thinning and
reduced accumulation of type I collagen; however, the overall mechanical property of skin (Young's modulus)
was not significantly reduced. Real time-polymerase chain reaction analysis revealed that CCN1-deficient
skin displayed reduced expression of mRNAs encoding enzymes that promote collagen stability (including
prolyl-4-hydroxylase and PLOD2), although expression of COL1A1mRNAwas unaltered. CCN1-deficent skin
showed reduced hydroxyproline levels. Electron microscopy revealed that collagen fibers were disorganized
in CCN1-deficient skin. CCN1-deficient mice were resistant to bleomycin-induced skin fibrosis, as visualized
by reduced collagen accumulation and skin thickness suggesting that deposition/accumulation of collagen is
impaired in the absence of CCN1. Conversely, CCN1-deficient mice showed unaltered wound closure
kinetics, suggesting de novo collagen production in response to injury did not require CCN1. In response to
either wounding or bleomycin, induction of α-smooth muscle actin-positive myofibroblasts was unaffected by
loss of CCN1. CCN1 protein was overexpressed by dermal fibroblasts isolated from lesional (i.e., fibrotic)
areas of patients with early onset diffuse scleroderma. Thus, CCN1 expression by fibroblasts, being essential
for skin fibrosis, is a viable anti-fibrotic target.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Fibrotic diseases, including diffuse cutaneous
systemic sclerosis (dcSSc), are characterized by
excessive deposition of extracellular matrix (ECM)
and account for ~45% of the deaths and health care
costs in the developed world [1,2]. Targeting proteins
uthors. Published by Elsevier B.V. This
rg/licenses/by-nc-nd/4.0/).
secreted into the microenvironment may represent
novel anti-fibrotic therapeutic strategies [3,4].
The CCN family of matricellular proteins, secreted

by fibroblasts into the microenvironment, are potential
anti-fibrotic targets [5,6]. In vitro, CCN familymembers
have minimal activity, but function as proadhesive
signaling modifiers [7]. In vivo, CCN proteins act as a
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2 CCN1 expression by fibroblasts
“centralized coordination network” and, by interacting
with extracellular ligands, integrate signals emanating
from multiple sources to affect organ development,
homeostasis and disease [7]. Binding sites for
integrins, heparin sulfate proteoglycans, TrkA, fibro-
nectin and other proteins decorate CCN molecules
[7–9]. Thus, although examining the effect of muta-
tions impairing the ability of individual CCN proteins to
interact with individual binding partners is informative
[10], elucidating the function of CCN proteins requires
using knockout animal models.
CCN2 (connective tissue growth factor) was pro-

posed as a mediator of fibrosis ~20 years ago [11].
Conditional knockout and neutralizing antibody ap-
proaches have shown that CCN2 contributes to fibrosis
[12–15]. CCN2 promotes the differentiation of pericyte-
like progenitor cells into myofibroblasts, a feature that
appears to contribute to fibrosis but not to cutaneous
tissue repair [12,16]. Importantly, an anti-CCN2 strat-
egy (FG-3019) is under clinical evaluation as a
treatment for idiopathic pulmonary fibrosis [17,18].
After CCN2, CCN1 (cyr61) is the second most-

studied CCN family member. Both CCN1 and CCN2
are induced in fibroblasts by TGFβ1 via ALK5/NOX1/
4, and are upregulated in response to mechano-
transduction by the Hippo/YAP pathway [19–22].
CCN1, like all CCN family members, is composed of
an N–terminal signal peptide followed by 4 con-
served structural domains, namely: the insulin-like
growth factor binding protein (IGFBP) domain, the
von Willebrand factor type C (VWC) domain, the
thrombospondin type 1 (TSP1) domain, and the C–
terminal (CT) heparin-binding domain [6,7]. Mice
with a global CCN1 knockout die in utero due to
severe angiogenic defects [23]; however, the role of
intact, endogenous CCN1 protein postnatally is
almost wholly unknown. To begin to address this
gap in our knowledge, herein we use a conditional
knockout strategy to delete CCN1 specifically in
fibroblasts postnatally [24]. Our data generate novel
insights into the role of CCN1 in skin homeostasis,
repair and fibrosis and also suggest CCN1 may be
an anti-fibrotic target.
Results

Loss of CCN1 expression by fibroblasts results in
reduced andmisaligned collagen accumulation in
skin

Toassess the role ofCCN1 in dermal fibroblasts, we
used a conditional knockout strategy, employing mice
expressing a tamoxifen-dependent cre recombinase
expressed under the control of a fibroblast-specific
Col1A2 promoter/enhancer.We have previously used
these mice to delete genes specifically in fibroblasts
[12,24,25,29]. Three weeks postnatally, ccn1 f/f mice
hemizygous for COL1A2-CRE(ER)T were treated
with tamoxifen or corn oil to generate mice deleted
or not for CCN1 in fibroblasts (as described in
Methods, these mice are subsequently described as
CCN1−/− or CCN1f/f, respectively). Deletion of CCN1
was verified by genotyping, extraction of dermal
fibroblasts for qPCR analysis and subjecting dermal
fibroblasts treated with or without TGFβ1, which
induces CCN1 protein expression [19] to Western
blot analysis with an anti-CCN1 antibody (Fig. 1A–C).
~4 weeks post-deletion, CCN1-deficient skin began
to show macroscopic evidence of thinning (Fig. 1D);
indeed, histological analysis of skin tissue verified that
loss of CCN1 resulted in thinner skin (p = 0.0005)
(Fig. 1E). However, intriguingly, loss of CCN1 from
fibroblasts did not impair the mechanical properties
(Young's modulus) of skin; in fact, the Young's
modulus of skin was somewhat increased in the
absence of CCN1 (Fig. 1F). Analysis of tissue
sections stained with DAPI revealed that loss of
CCN1 caused an increase (p = 0.0013) in the number
of cells per unit area (Fig. 1G). Conversely, prolifer-
ation of fibroblasts, as assessed using an anti-PCNA
antibody, and apoptosis (as observed byTUNEL)was
not impaired in CCN1-deficient skin (Fig. 1H, I). These
data suggest that the phenotype of CCN1-deficent
skin resulted from decreased stability/impaired orga-
nization of ECM acausing a compressed dermis.
Our data suggested that the skin thinning pheno-

type in CCN1-deficient skin occurred due to impaired
collagen accumulation. Although real-time PCR
(RTPCR) analysis of RNA extracted from total skin
revealed that COL1A1mRNAwas not reduced in the
CCN2-deficient skin; trichrome staining of tissue
sections from control and CCN1-deficient skin
revealed less collagen accumulation in the mice
deleted for CCN1 in fibroblasts (Fig. 2A, B). RTPCR
analysis of RNA from CCN1-deficient and control
skin revealed reduced expression of mRNAs encod-
ing genes involved with collagen synthesis/stability
including: PLOD2, lysyl oxidase (LOX) and prolyl-4-
hydroxylase (P4H) [30–33] (Fig. 2C). Supporting
these data, analysis of protein extracted from CCN1-
deficient and control skin revealed evidence of
reduced collagen accumulation, as determined by
hydroxyproline content (Fig. 2D). Mass spectropho-
tometry detected a decreased abundance of
PLOD2-modified lysine residues (i.e. PLOD2-
generated hydroxylysine residues) in type I
collagen-derived tryptic peptides isolated from
CCN1-deficient skin (Fig. 2E). Examples of decon-
voluted mass spectrophotometry data showing
examples of PLOD2-modified or unmodified lysine
residues of Col1a2 are shown in Supplemental Fig.
1. Closer examination, using electron microscopy,
showed disorganization of collagen matrix in CCN1-
deficient skin indicating impaired collagen alignment
(Fig. 2F). The fibril diameter was also significantly
smaller (p = 0.0022) with larger spaces between



Fig. 1. Loss of CCN1 in fibroblasts in mice leads to decreased skin thickness. A) Genotyping showing loss of CCN1
expression in fibroblasts two weeks post-tamoxifen injections. Fibroblasts extracted from skin of mice show loss of CCN1
as revealed by analysis of B) mRNA (P = 0.0122; Graph shows mean fold change +/− SD; Student t-test; n = 6); and C)
protein (representative image, n = 3) expression. D) In mice, 4 weeks post-injection of tamoxifen (i.e., at 8 weeks of age),
loss of CCN1 results in translucent skin. (Representative image; n = 4). E) Dermal layer of skin is significantly thinner (p =
0.0005) in CCN1−/− mice as revealed by H&E staining. (Graph shows mean dermal thickness +/− SD; Student's t-test; n =
4). F) There is an increase in Young's modulus (stiffness) that is increased (p = 0.0354, n = 4) in the absence of CCN1 but
is unlikely to be of biological significance and G) more nuclei present (p = 0.0013) per unit area of skin in CCN1−/−,
compared to CCN1f/f, mice as shown by DAPI staining of. (Representative images shown; Graph shows mean cells per
120,000 μm2 +/− SD; Student's t-test; n = 5). H) No alterations were observed in the proliferation marker PCNA.
(Representative images shown; Graph represents mean percentage of cells PCNA positive +/− SD; Student's t-test; n =
5). I) Tunel assay showed no alteration in apoptosis. (Representative images shown; n = 6).
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Fig. 2 (Legend on next page)
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Table 1. Genome-wide expression profiling of RNA from skin of CCN1-deficient and control skin reveals that clusters
involved with cell migration, adhesion and transcription are affected by loss of CCN1 (fold change reflects decrease in
expression in response to loss of CCN1). For entire lists of mRNAs affected greater or equal to 1.5-fold by loss of CCN1,
please see Supplemental information.

ID Gene name Fold change

Cell migration cluster
NM_010415 Heparin-binding EGF-like growth factor −2.2867
NM_001139509 Nuclear receptor subfamily 4, group A, member 2 −1.92135
NM_013749 Tumor necrosis factor receptor superfamily, member 12a −1.8584

Cell adhesion cluster
NM_133743 Ly6/Plaur domain containing 3 −1.52012
NM_010516 Cysteine rich protein 61 −1.60192
NM_053110 Glycoprotein (transmembrane) nmb −1.60465
NM_010577 Integrin alpha 5 (fibronectin receptor alpha) −1.57323
NM_001081445 Neural cell adhesion molecule 1 −1.53712
NM_009398 Similar to TNF-stimulated gene 6 protein; tumor necrosis factor alpha induced protein 6 −2.20598
NM_011580 Thrombospondin 1; similar to thrombospondin 1 −2.18805
NM_013749 Tumor necrosis factor receptor superfamily, member 12a −1.8584

Regulation of transcription cluster
NM_008036 FBJ osteosarcoma oncogene B −2.38818
NM_007498 Activating transcription factor 3 −2.07292
NM_153287 Cysteine-serine-rich nuclear protein 1 −1.72143
NM_007950 Epiregulin −2.12905
NM_010235 Fos-like antigen 1 −2.6796
NM_010212 Four and a half LIM domains 2 −1.5412
NM_010849 Myelocytomatosis oncogene −1.58666
NM_008719 Neuronal PAS domain protein 2 −1.64826
NM_010444 Nuclear receptor subfamily 4, group A, member 1 −2.583
NM_001139509 Nuclear receptor subfamily 4, group A, member 2 −1.92135
NM_027787 Regulatory factor X, 2 (influences HLA class II expression) −2.14973
NM_017373 Similar to NFIL3/E4BP4 transcription factor; nuclear factor, interleukin 3, regulated −1.66494
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collagen fibrils (Fig. 2G), further supporting that
collagen accumulation/stability was impaired in the
absence of CCN1 expression by fibroblasts.
Further indication that loss of CCN1 expression by

skin resulted in impaired ECM organization was
provided by genome-wide expression profiling of
CCN1-deficient and control skin (Table 1, Supple-
mental data). We found decreased mRNA expres-
sion of genes encoding proteins involving cell
adhesion to extracellular matrix and transcription
factors involved with ECM gene expression, notably
those of the AP-1 gene family. We used real-time
Fig. 2. Loss of CCN1 from fibroblasts resulted in decrease
expression. A) RNA from skin tissue showed no changes in colla
change +/− SD; Student's t-test; n = 4). B) Skin tissue showed
trichrome staining. (Representative images shown; Graph shows
t-test; n = 4). C) Skin tissue fromCCN1-deficient skin showed a s
linking enzymes P4Ha1 (P = 0.0009), PLOD2 (P = 0.0115)
promoting proteins integrin alpha5 (ITGα5, p = 0.0002), throm
There were no changes observed in the fibrotic markers CCN2
tissue. (Graphs represent mean mRNA fold change +/− SD; Stu
Significantly less total (p N 0.0001), insoluble (p = 0.0003) and s
lacking CCN1 as shown by a hydroxyproline assay. (Graph rep
tests; n = 4). E) Proteomics using mass spectrometry reveale
collagen crosslinks in tissue of CCN1−/− mice. (Graph represen
electron microscopy of sections of CCN1f/f and CCN1−/− skin. Im
fibril diameter in the CCN1−/− mouse dermis. Inset shows mean
PCR analysis to confirm that integrin alpha 5,
thrombospondin-1 and activating transcription fac-
tor (ATF-3) mRNA expression was reduced in
CCN1-deficient skin (Fig. 2C). Integrin alpha 5 is
an integrin subunit that binds fibronectin,
thrombospondin-1 promotes ECM homeostasis,
and ATF3 enhances the profibrotic effects of
TGFbeta and contributes to bleomycin-induced
skin fibrosis [34–36]. Of note, neither CCN2 nor
alpha-smooth muscle actin (αSMA, ACTA2) mRNA
expression was reduced in CCN1-deficient skin
(Fig. 2C).
d in collagen stability, but no difference in collagen mRNA
gen type I mRNA expression. (Graph represents mean fold
a significant decrease in collagen (p = 0.0014) shown by
mean area of collagen present in images +/− SD; Student's
ignificant decrease in expression ofmRNAsencoding cross-
and LOX (P = 0.0046), and mRNAs encoding the ECM-
bospondin-1 (THBS1, p b 0.0001) and ATF3 (p = 0.0325).
and α-smooth muscle actin (α-SMA) in CCN1-deficient skin
dent's t-test; n = 4). Note: total skin tissue was examined. D)
oluble (p = 0.0003) collagenwere present in the skin of mice
resents mean collagen content (ug/mg) +/− SD; Student's t-
d a significant decrease in PLOD2 (p = 0.0364)-generated
ts mean modifications +/− SD; Student's t-test; n = 4). F.G)
ages show a significant decrease (p = 0.0022) in collagen
fibril diameter +/− SD; Student's t-test (n = 3).



Fig. 3. Loss of CCN1 impaired induction of collagen production and skin thickness in response to bleomycin-induced skin
fibrosis. However, myofibroblasts differentiation still occurred in CCN1-deficient skin. A) An increase in CCN1 protein expression
wasobserved in skin sectionsofwild-typemicesubjected tobleomycin-inducedskin fibrosis (p b 0.0001);CCN1−/−mice showed
noCCN1staining, asobservedbystainingwithananti-CCN1antibody, asdescribed inMethods. (Representative imagesshown;
Graphs representmeanCCN1positive cells +/−SD;one-wayANOVA;n = 5).B)Bleomycin-induced skin thickness (p = 0.0042)
is not observed inCCN1−/−mice. Skin is significantly thinner in PBSCCN1−/− (p = 0.0175) andBleomycinCCN1−/− (p = 0.0082)
compared to PBS CCN1f/f. (Representative images shown; Graph showsmean skin thickness +/-SD; one-way ANOVA; n = 4).
C) Trichrome images show CCN1−/− mice do not get an over-production of collagen in response to bleomycin induced fibrosis
(p = 0.0228). (Representative images shown;Graph representsmeanarea collagen in images+/−SD; one-wayANOVA;n = 4).
D) Birefringence analyses of picroSirius stained skin sections indicate that CCN1−/− does not display the excessive collagen fiber
size and density seen in regular bleomycin-fibrosis. (Representative images shown; n = 6). E) Dermal increase in αSMA (p =
0.0037) seen in bleomycin-induced fibrosis is still observed in CCN1−/− dermis (p = 0.0071), compared to control PBS mice.
(Representative images shown; Graphs represent mean αSMA positive cells +/− SD; one-way ANOVA; n = 5).
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Fig. 4. Loss of CCN1 does not impair the kinetics of cutaneous wound healing. Mice were subjected to the dermal
punch (6 mm) model of tissue repair. A) anti-CCN1 antibody staining confirms absence of CCN1 in fibroblasts of CCN1-
deficient mice (p = 0.0008). (Representative images shown; n = 5). B) Images show no changes in the kinetics of wound
closure between CCN1f/f and CCN1−/− mice. (Graphs show mean percentage of original wound size +/− SD; two-way
ANOVA; n = 40 wounds). C) Trichrome staining on day 7 and day 10 wounds from CCN1f/f and CCN1−/− mice, show at
day 10 significantly more (p = 0.0027) collagen deposited in the dermis in the CCN1−/− mice compared to CCN1f/f mice.
(Representative images shown; Graphs represent percentage of tissue stain blue for collagen; n = 3). D) Staining of day 7
wounds with anti-αSMA antibody show no changes between CCN1f/f and CCN1−/−, however in Day 10 wounds there is a
trend toward less αSMA in CCN1−/− mice. (Representative images, Graphs show mean percent of cells stained +/− SD,
Student's t-test, n = 3).
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Fig. 5. Early onset dcSSc dermal fibroblasts express higher levels of CCN1 compared to control dermal fibroblasts.
Biopsies were taken from six patients with diffuse cutaneous systemic sclerosis (dcSSc fibroblasts) and six age- site- and
sex-matched healthy controls (normal fibroblasts) (donors 1 through 6, as indicated), fibroblasts cultured and protein
analysis via western blot performed. A significant (p = 0.0087) increase in CCN1 protein expression was observed in
dcSSc dermal fibroblasts, compared to control dermal fibroblasts. Graph represents mean band density of CCN1
compared to GAPDH control; a Mann Whitney test was performed as protein expression among human samples is highly
variable. We observed expected donor-to-donor variation in protein expression data within both normal and SSc groups.
The patients all qualified for immediate classification as having SSc due to fibrosis in the forearm, as described by EULAR/
ACR diagnosis criteria [37].
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Loss of CCN1 expression results in resistance to
bleomycin-induced skin fibrosis.
As our preliminary data suggested that accumu-

lation/stability of collagen is impaired inmice deleted
for CCN1 in fibroblasts, we evaluated whether
CCN1 expression by fibroblasts was required for
skin fibrogenesis. To test this hypothesis, we
subjected mice, deleted or not for CCN1 in fibro-
blasts, to the bleomycin model of skin fibrosis. Two
weeks post-deletion, mice were injected every day
for 28 days with either the pro-inflammatory agent
bleomycin, to induce fibrosis, or vehicle (PBS)
control. We found that CCN1 protein was induced
in response to bleomycin in control, but not CCN1-
deficient, mice (Fig. 3A). [Our detection methods
were insufficiently sensitive to detect basal CCN1
protein expression in skin, presumably also reflect-
ing that, despite its contribution to aspects of dermal
homeostasis (Figs. 1 and 2), basal expression of
CCN1 is minimal in skin.] Although, in control mice,
bleomycin caused an increase in skin thickness and
collagen accumulation (as visualized by hematoxy-
lin and eosin staining and Trichrome staining,
respectively), mice deficient in CCN1were relatively
resistant to the profibrotic effects of bleomycin (Fig.
3B, C). Similar results were obtained using Sirius
red staining of tissue sections (Fig. 3D). Using this
method, in polarized light, the thickest collagen
fibers appear yellow/orange, whereas newly formed
fibers are green.We found that accumulation of both
thick and newly formed fibers in response to
bleomycin was essentially absent in CCN1-
deficient mice compared to control mice.
Intriguingly, myofibroblast induction was observed

in both control and CCN1-deficient mice (Fig. 3E),
suggesting that CCN1 was essential for collagen
synthesis and deposition in response to bleomycin,
but not for myofibroblast differentiation.

Loss of CCN1 expression by fibroblasts does
not impair cutaneous wound closure kinetics

Fibrosis has been considered in the past to
represent a persistent tissue repair program. To
investigate this issue and to test if CCN1 might
represent a specific antifibrotic target, we assessed if
CCN1 was also required for cutaneous tissue repair,
which involves the de novo synthesis of collagen in
response to injury. To test if CCN1 was required for
de novo collagen protein synthesis in response to
wounding and if the mechanisms underlying normal
tissue repair and fibrosis might differ in their
requirements for endogenous CCN1, we assessed
if loss of CCN1 expression by fibroblasts was
impaired cutaneous tissue repair. To test this
hypothesis, we subjected mice deleted or not for
CCN1 to the dermal punch model of wounding.
Staining with anti-CCN1 antibody revealed induction
of CCN1 in wounds of control, but not CCN1-
deficient, mice (Fig. 4A). Morphometric analysis
revealed that wound closure kinetics was not
impaired in CCN1-deficient skin (Fig. 4B). Intrigu-
ingly, trichrome staining revealed that de novo
collagen synthesis was not impaired in the CCN1-
deficient wounds; in fact, wound resolution, as
observed by more blue-staining collagen in day 10
wounds, appeared to be improved in the absence of
CCN1 (Fig. 4C). Additionally, αSMA expression was
still induced in Day 7 wounds supporting he notion
that CCN1 is not responsible for myofibroblast
induction (Fig. 4D). At Day 10 there was a trend
toward less αSMA present in the wound bed,
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consistent with the idea wound resolution was
enhanced in the absence of CCN1 expression by
fibroblasts. These data suggest that loss of CCN1
expression by fibroblasts does not significantly
impair de novo protein synthesis in response
cutaneous wound healing.

CCN1 is overexpressed by dermal fibroblasts
cultured from fibrotic lesions of patients with
early onset (b2 years) diffuse cutaneous SSc
(dcSSc)

To begin to provide a clinical context for our studies,
we cultured dermal fibroblasts from lesional areas of
patients with early onset (b2 years) dcSSc that were
diagnosed according to EULAR/ACR criteria as
having skin fibrosis [37]. Protein extracts were
prepared and subjected to Western blot analysis
with an anti-CCN1 antibody. Protein extracts were
simultaneously prepared from dermal fibroblasts
isolated from age-, sex- and site-matched healthy
controls. Although there was variation in protein
expression among samples, we found that CCN1
protein was significantly overexpressed (p = 0.0087)
in early onset dcSSc dermal fibroblasts (Fig. 5).
Collectively, our data support the notion that

endogenous CCN1 expression by fibroblasts con-
tributes to collagen stability in skin and that CCN1
may be a novel, specific anti-fibrotic target.
Discussion

The CCN family of matricellular proteins mediate
interactions among cells, extracellular matrix and
growth factors and cytokines, are highly spatiotem-
porally regulated and contribute to development,
tissue homeostasis, cancers and fibrosis [6–9]. Due
to their context-dependent effects, and their ability to
interact with a myriad of proteins, establishing a
specific mechanism of CCN action has been elusive
[6–10]. To understand the actual function of CCN
molecules in vivo, the use of genetic (e.g., condi-
tional knockout) models is essential.
The primary sources of CCN proteins in vivo are

mesenchymal cells [6–9]. CCN1 is also expressed in
endothelial cells, and is induced in sites undergoing
inflammation and repair [38]. In this report, we use
fibroblast-specific CCN1 knockout mice to report the
first detailed analysis of the role of endogenous
CCN1 protein in dermal fibroblasts. CCN1 has a
context-dependent role in collagen synthesis and
accumulation in skin. Loss of CCN1 protein,
although not appreciably affecting type I collagen
mRNA expression, results in decreased mRNA
expression of prolyl-4-hydroxylase, lysyl oxidase
and PLOD2, which generate proteins that promote
collagen crosslinking/stabilization [29–33]. Expres-
sion of these mRNAs was decreased but not
abolished; collagen alignment was impaired in
CCN1-deficient skin and resembled that of aged
skin. This loss was insufficient to impair the basal
mechanical properties of uninjured skin. Similarly,
wound closure kinetics was unaltered in CCN1-
deficient skin. However, trichrome staining of tissue
sections of day 10 wounds revealed that wounds of
CCN1-deficient mice showed increased resolution,
consistent with a previous study that showed mice
harboring a mutated CCN1 protein displayed faster
wound resolution in granulation tissue [39]. Overall,
our date revealed that loss of CCN1 expression by
fibroblasts does not impair matrix stiffness or wound
healing; i.e., CCN1 may represent a novel, specific
anti-fibrotic target. These data also emphasize the
notion that differences exist between the fundamen-
tal mechanisms underlying normal tissue repair and
fibrosis.
Loss of CCN1 expression by skin fibroblasts

caused resistance to bleomycin-induced skin fibro-
sis. Loss of CCN1, however, but did not impair
myofibroblast induction, perhaps related to the
observation that CCN1 was not involved with
maintaining skin stiffness, a feature required for
myofibroblast differentiation. Instead, loss of CCN1
impaired new collagen synthesis and remodeling in
response to bleomycin. In skin, fibroblast-specific
expression of endogenous CCN2 and CCN1 appear
to promote different profibrotic activities; CCN2
promotes myofibroblast differentiation [17], con-
versely CCN1 appears to promote matrix organiza-
tion/stability/alignment. Indeed, the primary role of
CCN1 in vivo may be as a chaperone to help
organize fibrillar collagen. Consequently, it may be
useful therapeutically to block both CCN2 and
CCN1, for example, by treating with the antifibrotic
protein CCN3 [5]. Bleomycin-induced fibrosis is in
widespread use an appropriate, initial proof-of-
concept model for evaluating possible targets for
antifibrotic therapy in inflammatory-driven conditions
like SSc. In the future, it will be interesting to evaluate
whether CCN1 is required for skin fibrosis in other
models, e.g., the TSK mouse [40].
Previous experiments examining the potential role

of CCN1 in fibrosis have yielded somewhat contra-
dictory results, emphasizing the context-dependent
roles of CCN proteins [6–10]. Nonetheless, the
preponderance of the available data suggests that
CCN1 is overexpressed in conditions of inflamma-
tion, fibrosis and injury [38]. In one study, CCN1 was
found to be upregulated in humans with chronic
obstructive pulmonary disease and in animal models
of lung fibrosis; in this report, overexpression of
CCN1 exacerbated lung injury [41]. CCN1 blockade
was found to be protective against fibrosis in a model
of ischemic kidney injury and in the unilateral ureter
obstruction model of kidney fibrosis [42,43]. In liver
fibrosis, CCN1 expression is also increased;
adenovirus-mediated overexpression of CCN1 in
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hepatic stellate cells suppressed fibrogenic re-
sponses due to increased apoptosis caused by
endoplasmic reticulum stress and an unfolded
protein response [44]. It must be stated, however,
that hepatocyte-specific deletion of endogenous
CCN1 exacerbated liver fibrosis [45] although,
given the extreme context-dependent effects of
CCN proteins, it may be that endogenous CCN1
would have a different effect on experimental liver
fibrosis if deleted in hepatic stellate cells.
In terms of SSc, one study used microarray

analysis to show that CCN1 mRNA expression was
elevated in clinically affected (fibrotic) skin [46].
Consistent with this latter report, elevated levels of
CCN1 protein were seen in serum of SSc patients
[47]. It is noteworthy that, in our current study,
although overall expression of CCN1 protein was
increased in early onset dcSSc fibroblasts, the
expression of CCN1 varied among samples. Intrigu-
ingly, studies focusing on patients with later stages
of SSc (i.e., not early onset patients with active
fibrosis but those with severe digital ulcers) showed
reduced CCN1 levels in endothelial cells and
circulation of patients, consistent with the notion
that CCN1 expression is reduced in avascular tissue
[40,48,49]. These results reflect that CCN1 expres-
sion is controlled by many, often opposing, param-
eters [40]; transcription of CCN1 is directly induced
in response to mechanical loading through YAP/
TAZ, but is epigenetically suppressed in SSc
patients with digital ulcers via fli-1 and histone
deacetylase 5 [40,48–50]. In this regard, CCN1
expression has been shown to correlate with the
induction of profibrotic inflammatory responses, in a
wide variety of indications [38,42,43,47,51,52].
Thus, CCN1 protein may be induced in the early,
fibrotic phase of SSc, which is characterized by the
presence of mechanical tension, but may be
suppressed in patients with severe vascular dam-
age. In conditions of vascular damage, addition of
exogenous CCN1 may be advantageous, due to its
potent proangiogenic activity [53]. In a study,
published after this manuscript was submitted for
review, involving cells derived from patients with
vascular disease, overexpression of CCN1 in SSc
dermal fibroblasts caused apoptosis and reduced
protein synthesis including that of collagen [53];
however, as discussed above, this phenomenon has
been shown to arise due to an accumulation of
unprocessed CCN1 resulting in an unfolded protein
response [44]. That said, exogenous recombinant
CCN1 has been shown to slow a fibrotic response in
response to wound healing through the stress-
related generation of reactive oxygen species [39].
In interpreting these studies, it is important to

remember that the biological roles of CCN proteins
can vary and are highly context dependent [7].
Specifically, the biological role of CCN1 may differ
based on the cell type examined, the clinical stage of
the disease, the levels of CCN1 protein present or,
critically, whether the effects of endogenous or
exogenously added CCN1 protein are examined. It
is imperative to emphasize that, in our current study,
we are examining the role of endogenous CCN1
expression by fibroblasts on skin biology. In any
event, that CCN1 appears to have context-
dependent roles suggests that caution be exercised
regarding the potential future use of CCN1 as a
therapeutic target and that each indication should be
considered separately.
In summation, CCN1 behaves like a typical

matricellular protein in that it acts in a context-
dependent fashion, emphasizing the necessity of
studying the role of CCN1 in as close to an in vivo
context as possible. Additional work needs to be
conducted to show if endogenous CCN1 contributes
to pathological fibrosis in humans. Nonetheless, our
data suggest that further efforts aimed at developing
anti-CCN1 strategies to treat fibrosis are warranted.
Methods

Generation of fibroblast-specific CCN1 condi-
tional knock-out mice

Mice hemizygous for a tamoxifen-dependent cre
recombinase expressed under the control of a
fibroblast-specific Col1a2 promoter/enhancer
[Col1A2-Cre(ER)T)] that were also ccn1f/f were
created and genotyped as previously described
[24]. Male mice (3 weeks old) were injected intra-
peritoneally with tamoxifen (10 mg/mL) or corn oil
(vehicle control) every day for 5 days to generate
mice deleted or not for CCN1. In this manuscript,
mice not deleted for ccn1 in fibroblasts are desig-
nated CCN1f/f whereas mice deleted for ccn1 are
designated CCN1−/−.

Confirmation of CCN1 expression and deletion
in fibroblasts

Back skin from CCN1f/f and CCN1−/− mice was
placed in 10% FBS/DMEM with 2 mg/ml collage-
nase type II (3 h, 37 °C). Connective tissue was
removed and placed into 10% FBS/DMEM. Cell
debris was removed by centrifugation (1 min,
500 rpm). The supernatant was filtered (70 μm)
and cell pelleted. Cell pellets were cultured in 10%
FBS/DMEM (Invitrogen) until 70% confluent, serum-
starved overnight in 0.5% FBS/DMEM and treated
+/-TGFβ1 (4 ng/mL, 24 h, R and D Systems).
Protein was harvested by cell lysis in RIPA buffer;
protein (50 μg) was subjected to SDS-PAGE and
Western blot analysis with anti-CCN1 (Sc-13,100,
1:800) antibody and HRP-conjugated antibody.
Chemiluminescent substrate (Pierce) was added
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(5 min); X-Ray images were taken. For RNA
analysis, cells were similarly treated; however, Trizol
(Invitrogen) was used to collect RNA. RNA was used
(40 ng/well) for RT-PCR analysis of to detect CCN1
expression using the delta-delta CT method using
18S RNA as an internal control [19,22]. Student's t-
test was used for statistical analysis.

Culturing of scleroderma fibroblasts

As previously described [22,54,55], scleroderma
dermal fibroblasts were obtained by explant culture
from punch biopsies (4 mm) taken from affected
forearms of patients with early onset diffuse cutane-
ous SSc (dcSSc) (patients 2 years from the first non-
Raynaud's manifestation of SSc) and the EULAR/
ACR criteria for automatic SSc classification due to
skin fibrosis [37]. These criteria have been used at
the Royal Free Centre for Rheumatology for classi-
fication of patients as SSc since 2013. Normal
fibroblasts (NF) were obtained from age- gender-
and site-matched healthy individuals. Cells, ac-
quired under informed consent with the approval of
the institutional review board of the Royal Free
Hospital, were cultured and treated as described
above; cells were not exposed to TGFβ1. Protein
samples were harvested at passage 4.

Bleomycin-induced skin fibrosis mouse model

In this manuscript, mice not deleted for Ccn1 in
fibroblasts [24] are designated CCN1f/f whereas
mice deleted for Ccn1 are designated CCN1−/−.
After confirming deletion of ccn1, mice were sepa-
rated into four groups: PBS CCN1f/f, Bleomycin
CCN1f/f, PBS CCN1−/− and Bleomycin CCN1−/−.
Each day for 28 days, PBS groups were injected
subcutaneously with 0.1 mL PBS; bleomycin groups
were injected with 0.1 ml (0.1 units) bleomycin [12].
Then, mice were sacrificed and skin collected.

Wound healing mouse model

Mice were subjected to 6 mm punch biopsies, four
wounds/mouse [24,25]. Northern Eclipse software
was used to measure the size of wounds at day 0, 3,
7 and 10 post-wounding, and for determining the
wound size as a percentage of original wound size
(two-way ANOVA). Tissue was collected from mice
at Day 3, 7 and 10 for histological analysis.

Electron microscopy

Skin from CCN1f/f and CCN1−/− mice was
harvested and cut into 0.5–1.0 mm wedges, then
fixed in 2.5% glutaraldehyde in cacodylate buffer
overnight. Tissues were oriented and immobilized
using mPREP system and workbench (Microscopy
Innovations; Marshfield, WI). \All subsequent steps
were conducted in mPREM system. Tissue was
fixed/stained in 1% osmium tetroxide in cacodylate
buffer (0.1 M, pH 7.2) for 1 h on ice, then rinsed 5
times in ddH2O. Tissue was stained in 1% Tannic
acid in cacodylate buffer for 2 h on ice, then again in
fresh 1% Tannic acid in cacodylate buffer for 2 more
hours on ice. Samples were rinsed 5 times in
ddH2O, then incubated in 1% uranyl acetate at
4 °C overnight in the dark. Samples were rinsed 5
times in ddH2O before being dehydrated in succes-
sive baths of 20%, 50%, 70%, 90%, 95%, and 3
times in 100% acetone. After dehydration, samples
were infiltrated overnight by mixtures of 1 part Epon-
Araldite resin:2 parts acetone followed by 1 part
resin:1 part acetone, followed by 2 parts resin:1 part
acetone, followed by 100% resin. Samples were
embedded in 100% resin, which was polymerized in
60 °C oven for 5 days. Embedded samples were
sectioned to a thickness of 70-80 nm on the Ultracut
E (Reichert-Jung) and collected on nickel grids.
Grids were stained with 1% uranyl acetate for
15 min, rinsed 24 times before staining with Reyn-
olds' lead citrate. Grids were rinsed 24 more times
before being dried. Images were obtained on a
Philips CM10 transmission electron microscope at
60 kV.

Histological analysis

Tissue samples were collected as described
above, fixed overnight in 4% paraformaldehyde
(Sigma) at 4 °C, processed, embedded in paraffin
wax blocks, and sectioned (5 μm thickness). Skin
tissue was stained with hematoxylin and eosin, and
skin thickness assessed using northern eclipse
software. Three measurements were taken from
each image; three images were taken/skin section
(Zeiss, Northern Eclipse). Student's t-test or a one-
way ANOVA was performed. Skin sections were
stained for Masson's trichrome to examine collagen
content. Three images/sections were taken (Zeiss).
Using ImageJ, percent of the dermal area stained
with alanine blue was determined. Student's t-test or
a one-way ANOVA was performed for statistical
analysis. Skin tissue was stained with picrosirius red
for collagen and subjected to plane polarized light to
assess collagen birefringence and organization, as
previously described [26].

Immunohistochemical analysis

Immunohistological analysis of tissue sections
(5 μm) was performed essentially as previously
described [12,24] using anti-PCNA (ab2426,
1:500), anti-CCN1 (ABC102, 1:500) and anti-αSMA
(ab5694; 1:400), appropriate secondary antibody
containing fluorophore, and mounting media con-
taining DAPI (Vector Laboratories). Images were
taken using Zeiss microscope and camera and
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percent positive cells were calculated using image J.
Number of nuclei were also counted using DAPI
stained images to determine cell number using
Image J. Student's t-test or a one-way ANOVA was
performed. Alternatively, Vector Laboratories ABC-
HRP staining kit (PK-4001) was used with a DAB
enzyme substrate (SK-4105) for colorimetric analy-
ses using anti-αSMA (ab5694; 1:400) antibody and a
biotinylated secondary antibody was added for
30 min, followed by a 30 min incubation with ABC
reagent followed by counterstaining with hematoxy-
lin for tissue architecture. Images were taken using
Zeiss microscope and camera and percent positive
cells were calculated using image J. A one-way
ANOVA was performed for statistical analysis.

Tissue RNA extraction and real time polymerase
chain reaction (PCR)

Tissue was homogenized in 1 ml of trizol and a
trizol-chloroform extraction was performed. TAQman
PCR was performed on 40 ng of mRNA to examine
expression of Ccn1, Col1a1, Lox, P4Ha1 and Plod2.
Experiments were run in triplicate, delta-delta CT
method was used for analysis using 18S RNA was
used as an internal control. Student's t-tests were
used for statistical analysis.

Hydroxyproline analysis

Soluble collagen was extracted using 0.5 M acetic
acid, sonicated, and rotated at 4 °C overnight. Samples
were centrifuged at high speed for 45 min. The
supernatant and precipitate were collected separately,
the former was used to detect soluble collagen using
QuickZyme soluble collagen assay (QZBcol1) and the
latter for insoluble collagen using total collagen kit from
QuickZyme (QZBtotcol1). The combination of soluble
and insoluble accounted for the total. Student t-tests
were used for statistical analysis.

Tunel assay

Paraffin embedded skin samples were sectioned
5 μm thick and analyzed for apoptosis using Trevi-
gen Tunnel assay kit (4810-30-K). Control slides
were treated with TACS-nuclease to break DNA for
positive control. The kit uses biotinylated nucleotides
that integrate into the tissue and are detected using
streptavidin-horseradish peroxidase, and colorimet-
ric substrates diaminobenzidine (DAB). Sections
were counterstained with hematoxylin and imaged
using Zeiss microscope and camera.

Mechanical testing of skin

Full thickness skin was excised from four mice per
group (CCN1f/f and CCN1−/−) and placed on a rigid
support surface. Compressive stiffness (Young's mod-
ulus) was measured by indentation with the epidermis
oriented upwards. Uni-axial compression tests were
performed with a mechanical tester (Mach-1v500css,
Biomomentum Inc., Canada) equipped with vertically
loaded spherical indenter with 1 mm tip diameter at a
ramping velocity of 0.05 mm/s. Four different positions
were measured per sample. Slopes of the resulting
force-distance curves were fitted and the Young's
modulus was calculated using a Herz model, using the
instrument's analysis software (Biomomentum Inc).
Data were statistically compared and analyzed using
Student's t-test followed by Tukey HSD post-hoc
analysis (using Prism, Graph pad) and represented as
mean ± standard error (N = 4).

Proteomic analysis

Skin from CCN1f/f and CCN1−/− mice was harvested,
minced, and protein was suspended in 8 M urea and
10 mM DTT, diluted eight-fold with 50 mM NH4HCO3,
pH 7.8, and subjected to tryptic digestion [18 h, 37 °C
with =2% (w/w) sequencing-grade trypsin (Promega,
Madison, WI)]. Peptide separation and mass spectro-
metric analyses were carried out with a nano-HPLC
Proxeon (Thermo Scientific, San Jose, CA, USA) and a
capillary fused silica column (75 μm × 10 cm, Pico
Tip™ EMITTER, New Objective, Woburn, MA) packed
in-house with C18 resin of 3 μm spherical beads and
20 nm pore size (Michrom BioResources, Auburn, CA)
linked to a mass spectrometer (LTQ-Velos, Thermo
Scientific, San Jose, CA) using an electrospray
ionization in a survey scan in the range of m/z values
390–2000 tandemMS/MS. Samples were dried and re-
suspended in 20 μl of 97.5% H2O/2.4% acetonitrile/
0.1% formic acid and subjected to reversed-phase nLC-
ESI-MS/MS with a linear 85-minute gradient ranging
from 5% to 100% of solvent (99.9% acetonitrile/0.1%
formic acid) at a flow rate of 200 nl/min with a maximum
pressure of 280 bar. Electrospray voltage and the
temperature of the ion transfer capillary were 1.9 kV
and 250 °C respectively. Each survey scan (MS) was
followed by automated sequential selection of seven
peptides for CID, with dynamic exclusion of the
previously selected ions. Obtained spectra were
searched against mouse collagen protein databases
(Swiss Prot and TrEMBL, Swiss Institute of Bioinformat-
ics, Geneva, Switzerland, http://ca.expasy.org/sprot/)
using SEQUEST algorithm (Proteome Discoverer 1.3;
Thermo Scientific, San Jose, CA). Results were filtered
for a False Discovery rate of 1% employing a decoy
search strategy utilizing a reverse database. A protein
which passes beyond the inclusion of the filter arrange-
ment at least in three different MS analyzes of the same
group in a total of four analyzes by MS group. For
qualitative proteome, three MS raw files from each
pooled group were analyzed (SIEVE Version 2.0
Thermo Scientific, San Jose, CA, USA). Signal pro-
cessing was performed in a total of 6 MS raw files. The
SIEVE experimental workflow was defined as “Two

http://ca.expasy.org/sprot/
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Sample Differential Analysis” where two classes of
samples are compared to each other. Peptides were
grouped, and a protein ratio and p-value were calculat-
ed. Lysyl hydroxylase 2 (LH2, encoded by PLOD2)
modifies X-Lys-Gly, X-Lys-Ala, and X-Lys-Ser se-
quences in type I collagen [27] (PMID: 17289364). In
our samples, X-Lys-Ala was not detected; X-Lys-Ser
was minimally detected. Extracted ion chromatographs
(EIC) of peptide ions containing different degrees of
hydroxylation were generated as previously described
[28].

Genome-wide expression profiling

Microarray analysis was performed, by the London
Regional Genomics Center, essentially as described
(Affymetrix GeneChip Mouse Gene 2.0 ST arrays,
Santa Clara, CA) followed by cluster analysis
[DAVID v6.7 (https://david.ncifcrf.gov/)] [56–59].
Experiments were performed twice; the data set
after average fold increase values were calculated
are in Supplementary information.
Supplementary data to this article can be found online

at https://doi.org/10.1016/j.mbplus.2019.100009.
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