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Riquelme-Guzmán C, Contreras O, Brandan E. Expression of
CTGF/CCN2 in response to LPA is stimulated by fibrotic extracellu-
lar matrix via the integrin/FAK axis. Am J Physiol Cell Physiol 314:
C415–C427, 2018. First published December 27, 2017; doi:10.1152/
ajpcell.00013.2017.—Fibrosis is a common feature of several chronic
diseases and is characterized by exacerbated accumulation of ECM.
An understanding of the cellular and molecular mechanisms involved
in the development of this condition is crucial for designing efficient
treatments for those pathologies. Connective tissue growth factor
(CTGF/CCN2) is a pleiotropic protein with strong profibrotic activity.
In this report, we present experimental evidence showing that ECM
stimulates the synthesis of CTGF in response to lysophosphatidic acid
(LPA).The integrin/focal adhesion kinase (FAK) signaling pathway
mediates this effect, since CTGF expression is abolished by the use of
the Arg-Gly-Asp-Ser peptide and also by an inhibitor of FAK auto-
phosphorylation at tyrosine 397. Cilengitide, a specific inhibitor of �v
integrins, inhibits the expression of CTGF mediated by LPA or
transforming growth factor �1. We show that ECM obtained from
decellularized myofibroblast cultures or derived from activated fibro-
blasts from muscles of the Duchenne muscular dystrophy mouse
model (mdx) induces the expression of CTGF. This effect is depen-
dent on FAK phosphorylation in response to its activation by integrin.
We also found that the fibrotic ECM inhibits skeletal muscle differ-
entiation. This novel regulatory mechanism of CTGF expression
could be acting as a positive profibrotic feedback between the ECM
and CTGF, revealing a novel concept in the control of fibrosis under
chronic damage.

CTGF/CCN2; extracellular matrix; fibrosis; integrins; skeletal muscle
dystrophy

INTRODUCTION

The extracellular matrix (ECM) is a highly complex struc-
ture essential in skeletal muscle physiology. It influences cell
function, but cellular processes also affect it. A proper orga-
nization of the ECM is required for normal muscle formation
(46, 48, 59), and after an injury, stem cells and several other
cell types remodel their niche transiently to induce efficient
muscle regeneration (4). Integrin receptors connect the ECM
with the inside of the cell, promoting responses to external
signals (e.g., cell survival, proliferation, migration, among
others) (47). This connection leads to changes in the actin

cytoskeleton in regions called focal contacts. The main mod-
ulator of the integrin signaling pathway is the focal adhesion
kinase (FAK) (50), a tyrosine kinase protein that acts both as a
signal transducer and as a scaffold for the formation of actin
filaments. FAK activation depends on phosphorylation of mul-
tiple tyrosine residues; the most important and well known is
the autophosphorylation at tyrosine 397 (Y397), which is
responsible for the formation of focal contacts (75). FAK plays
a crucial role in muscle regeneration, regulating processes such
as differentiation and myoblast fusion (16, 59, 67), which
demonstrates the significance of cell-ECM interactions in mus-
cle homeostasis.

Fibrosis is a common outcome of many muscle chronic
diseases. It is characterized by excessive accumulation of ECM
components, which impairs normal tissue function. This pa-
thology can be the consequence of increased production and
deposition of connective tissue proteins and/or decreased deg-
radation of these molecules (78). The two processes can be
regulated by many factors. One of the most important is the
transforming growth factor � (TGF-�), highly overexpressed
during fibrosis (34, 41). The profibrotic effect of this cytokine
is modulated, in part, by its canonical pathway, which depends
on the phosphorylation of Smad2 and Smad3. These proteins
bind to Smad4 and form a complex that translocates into the
nucleus and activates the expression of specific profibrotic
genes (41). Modulation of members of the �v integrin family
has exhibited profound effects on fibrosis in multiple organs
and disease states via regulation of TGF-� signaling (18, 27).
In addition, lysophosphatidic acid (LPA) signaling has been
associated with fibrosis in lung (74) and kidney (66). LPA is a
bioactive lipid found in serum that exhibits pleiotropic effects
in intra- and intercellular processes (35, 51). This signaling
pathway is dependent on six different G-protein-coupled re-
ceptors (LPA1–6) (58), of which at least three are present in
muscle (33). Most importantly, the profibrotic effects of
TGF-� and LPA are associated with the induction of connec-
tive tissue growth factor (CTGF/CCN2) (32, 68).

CTGF is a highly regulated matricellular cytokine that is
present at elevated levels in the fibrotic muscle (54), reproduc-
ing and amplifying the effects of TGF-� (36, 42). Myoblasts
and muscle fibers express this profibrotic factor in response to
TGF-� and LPA (12), inducing the deposition of ECM com-
ponents (76). Moreover, wild-type mice that overexpress ex-
ogenous CTGF in muscle develop a dystrophic phenotype (52),
and a reduction of CTGF expression slows down the progres-
sion of this pathology in a dystrophic mice model (54), evi-
dencing the importance of this factor in fibrosis. Previous
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reports showed that CTGF expression is sensitive to alterations
in the actin cytoskeleton (55, 60), but it is unknown whether
this regulation involves the participation of the integrin/FAK
signaling pathway. Furthermore, since the ECM is crucial for
muscle physiology and is increased in several muscular dys-
trophies and upon damage, it is important to understand if the
fibrotic environment could affect the expression of CTGF.

In this report, we show that the integrin/FAK signaling
pathway regulates the expression of CTGF, requiring proper
binding to the ECM and the phosphorylation of FAK. More-
over, ECM obtained from in vitro-induced myofibroblasts, or
from fibroblasts isolated from dystrophic skeletal muscle, trig-
gers the expression of CTGF followed by accumulation of
ECM constituents. Furthermore, fibrotic ECM inhibits skeletal
muscle differentiation.

MATERIALS AND METHODS

Cell culture. C2C12 myoblasts and C3H 10T1/2 fibroblasts (Amer-
ican Type Culture Collection, Manasses, VA) were grown as de-
scribed (39). C2C12 cells were serum starved for 3 h before treat-
ments. Myoblasts were treated with LPA (Sigma-Aldrich, St. Louis,
MO) or TGF-�1 (R&D Systems, Minneapolis, MN) at the indicated
concentrations and times. To inhibit integrin signaling, the Arg-Gly-
Asp-Ser (RGDS) peptide (0.05 mg/ml; Sigma-Aldrich) or Cilengitide
(at the indicated concentrations; HY-16141; MedChemExpress, Mon-
mouth Junction, NJ) were used. The Arg-Gly-Glu-Ser (RGES) pep-
tide (0.05 mg/ml; AS-62527; AnaSpec, Fremont, CA) was also used
as a control of RGDS. To inhibit FAK phosphorylation, PF-573228
(PF-228) was used (3 �M; Sigma-Aldrich). To inhibit LPA signaling,
Ki16425 (20 �M) was used (355025-24-0; Cayman Chemical, Ann
Arbor, MI). To inhibit TGF-� receptor type I kinase activity, we used
the inhibitor SB-525334 (38) (2 �M; S8822; Sigma-Aldrich). All
inhibitor treatments began 30 min before addition of the inductor.

To coat plates with ECM derived from C3H-10T1/2 fibroblasts,
cells were seeded in six-well plates. When culture cells reached ?70%
confluence, the cells were incubated with TGF-�1 5 ng/ml for 48 h in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, Carlsbad,
CA) � 2% FBS (Hyclone, Logan, UT). Cells were washed three times
with PBS, 1� before the addition of extraction buffer (0.5% BSA, 1
mM EDTA, 1 mM EGTA, pH 7.4). Cells were incubated until they
detached from the plate and then discarded. The empty plates were
washed three times with PBS 1�, and then C2C12 myoblasts were
seeded on top to perform the experiments. When primary culture was
used, the same protocol was used, but cells were not incubated with
TGF-�1. Myoblasts were induced to differentiate, as previously
described (39). Differentiation was carried out for the times indicated
(see Fig. 6). When needed, LPA was added together with the differ-
entiation media.

Fibronectin, laminin, and gelatin (from porcine skin, type A;
Sigma-Aldrich) were used to coat plates at the concentrations indi-
cated (see Fig. 5) and following the supplier’s instructions.

Mice handling and tissue collection. All mouse protocols were
conducted in strict accordance and with formal approval of the
Animal Ethics Committee of the Pontificia Universidad Católica de
Chile. Mice were housed in standard cages under 12 h light-dark
cycles and fed a standard chow diet ad libitum. Five-month-old

C57BL/10ScSc (wild-type) and dystrophic C57BL/10ScSn-mdx
(mdx) male mice were used. All surgeries were performed after the
mice had been anesthetized with 2.5% isoflurane gas in pure oxygen.
The mice were killed by cervical dislocation, and muscles were
dissected and removed.

Isolation of muscle connective tissue fibroblasts. Primary muscle
connective tissue (MCT) fibroblasts were isolated from limb and
diaphragm muscles from 2- to 6-mo-old wild-type and mdx mice, as
previously described with some modifications (46, 49, 80). In brief,
isolated muscles were washed once with PBS and DMEM on ice.
Tendons and adipose tissue were discarded. Muscles were then cut in
small pieces with scissors and smashed with blades on ice. Then, they
were digested with collagenase type 1 (Worthington Biochemical,
Lakewood, NJ) in DMEM for 30–45 min in a thermo-regulated water
bath with constant rotation at 37°C. At the end of the incubation time,
the muscle sample was vortexed, and 10 ml DMEM � 10% FBS
(vol/vol) was added to stop the enzymatic digestion. The sample was
then passed through 70-�m and 40-�m nylon mesh filters before
centrifugation at 1,000 g for 10 min. The supernatant was discarded
and the pellet resuspended in DMEM � 10% FBS and then cultured
for 2 h. Adherent cells (mostly MCT fibroblasts) were maintained and
the supernatant discarded (other cells, i.e., myoblasts). MCT fibro-
blasts were kept at 37°C, 5% CO2, and 95% humidity. Isolated
fibroblasts were used from passages 2 to 5.

RNA isolation, reverse transcription, and quantitative real-time
polymerase chain reaction. Total RNA from cell plates was isolated
using TRIzol (Invitrogen), according to the manufacturer’s instruc-
tions. RNA (1 �g) was reverse transcribed into cDNA using random
primers and Moloney murine leukemia virus reverse transcriptase
(Invitrogen). Quantitative real-time polymerase chain reaction (RT-
qPCR) was performed in triplicate with the Eco Real-Time PCR
System (Illumina, San Diego, CA), using primer sets for ctgf, �v
integrin, myogenin, and the housekeeping gene 18s (reference gene).
The ��Ct method was used to compare quantifications, and mRNA
levels are expressed relative to the mean level of the control condition
in each case (untreated cells). We analyzed �v integrin and myogenin
RT-PCR products in 2% agarose gels (Table 1).

Protein isolation and Western blot analysis. Protein extracts from
cells were obtained using RIPA 1� lysis buffer (Cell Signaling
Technology, Danvers, MA) containing protease inhibitors (Sigma-
Aldrich). Protein was quantified with the bicinchoninic acid protein
assay kit, using BSA as standard, following the provider’s instructions
(Pierce, Rockford, IL). Extracts were subjected to SDS-PAGE elec-
trophoresis in 10% polyacrylamide gels, transferred to polyvinylidene
difluoride membranes (Millipore, Temecula, CA), and probed with
primary antibodies: goat anti-CTGF (1:500; sc-14939; Santa Cruz
Biotechnology, Dallas, TX); mouse anti-tubulin (1:5,000; T5168;
Sigma-Aldrich); rabbit anti-phospho-FAK Y397 (1:1,000; 3283; Cell
Signaling Technology); rabbit anti-FAK (1:1,000; SC-558; Santa
Cruz Biotechnology); rabbit anti-fibronectin (1:5,000; F3648; Sigma-
Aldrich); rabbit anti-collagen III (1:1,000; 600-401-105; Rockland
Antibodies and Assays, Limerick, PA); rabbit anti-phospho-p44/42
MAPK (p-ERK1/2; 1:1,000; 9101S; Cell Signaling Technology);
mouse anti-myosin skeletal fast (1:1,000; M4276; Sigma-Aldrich);
rabbit anti-p44/42 MAPK (ERK1/2; 1:1,000; 9102; Cell Signaling
Technology); and rabbit anti-myogenin (1:500; sc-576; Santa Cruz
Biotechnology). Primary antibodies were detected with a secondary
antibody conjugated to horseradish peroxidase: mouse anti-goat IgG,

Table 1. Primer sequences used for RT-qPCR

Gene Forward Primer Reverse Primer

ctgf 5=-CAGGCTGGAGAAGCAGAGTCGT-3= 5=-CTGGTGCAGCCAGAAAGCTCAA-3=
�v Integrin 5=-CGGAACAACGAAGCCTTA-3= 5=-TCCAGCCTTCATCGGGTTTC-3=
Myogenin 5=-GTCCCAACCCAGGAGATCAT-3= 5=-CCACGATGGACGTAAGGGAG-3=
18S 5=-TGACGGAAGGGCACCACCAG-3= 5=-CACCACCACCCACGGAATCG-3=
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31400; goat anti-rabbit IgG, 31460; and goat anti-mouse IgG, 31430
(Pierce). All immunoreactions were visualized by enhanced chemilu-
minescence (Pierce) with a ChemiDoc-It HR 410 imaging system
(UVP, Upland, CA).

Western blot densitometry quantification was done using ImageJ
software (version 1.46r; NIH, Bethesda, MD). Protein levels were
normalized with the levels of the loading control band (tubulin).

Indirect immunofluorescence. Cells were seeded on glass cover-
slips. After incubation, they were washed with PBS 1�, fixed for 15
min in 4% paraformaldehyde, and washed again with PBS. Cells were
permeabilized with PBS–Triton X-100 0.1% for 2 min, blocked in
PBS 1� � 2% BSA � 1% fish gelatin for 60 min, and incubated with
the primary antibody overnight: mouse anti-�-smooth muscle actin
(�-SMA; 1:100; A2547; Sigma-Aldrich); rabbit anti-fibronectin (1:
100; F3648; Sigma-Aldrich); and rabbit anti-phospho-Smad3 (1:50;
9520S; Cell Signaling Technology). Next, the samples were washed
with blocking solution and incubated with secondary antibodies [Al-
exa Fluor 488 rabbit IgG, Alexa Fluor 568 mouse IgG (1:1,000; Life
Technologies, Carlsbad, CA)] for 1 h at room temperature; Hoechst
33258 (2 mg/ml; 1:5,000) was also added to stain nuclei. Coverslips
were washed with PBS 1� and mounted on a slide with Dako medium
(Carpinteria, CA). Figure 3A was imaged on a Nikon Eclipse C2
spectral imaging confocal spectral microscope using NIS-Elements
Advanced Research software (version 4.00.00; build 764) LO, 64 bit.
The objective used was a Plan Apo VC �60 oil differential interfer-
ence contrast N2 numerical aperture 1.4. Figures 2E and 3C were
imaged on a Nikon Eclipse E600 epifluorescence microscope.

Colorimetric MTT (tetrazolium) assay. 3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT; 475989; Calbiochem,
San Diego, CA) was dissolved in PBS at 5 mg/ml and filtered. Twenty
hours after seeding the cells in each condition, stock MTT solution
(10�) was added, and the plates were incubated at 37°C for 4 h.
Warm lysis buffer (50% N,N-dimethylformamide � 20% SDS in
distilled water) was added and mixed thoroughly to dissolve the dark
blue crystals. After a few minutes at room temperature, the plates
were read using Synergy H1 equipment and the Gen5 software
(BioTek, Winooski, VT), with a test wavelength of 570 nm and a
reference wavelength of 630 nm. Plates were normally read within
1 h of lysis solution addition.

Statistical analysis. Statistical significance of the differences be-
tween the means was evaluated using one- or two-way ANOVA tests,
with a Dunnett’s multiple comparison test and a Bonferroni post test,
respectively. Two-tailed Student’s t-test was performed when two
conditions were compared. Differences were considered significant
with a P value � 0.05. Data analysis was performed using Prism 5
software (GraphPad Software, La Jolla, CA).

RESULTS

The integrin/FAK axis is required for CTGF expression.
Previously, we demonstrated that LPA induces CTGF expres-
sion in the myoblast cell line C2C12 (12, 76). LPA induces ctgf
mRNA expression, reaching a plateau after 3 h. Highest CTGF
expression is observed 3 and 6 h after LPA addition (data not
shown). To determine if the cell-ECM interaction regulates
CTGF expression, we used LPA as an inductor of this profi-
brotic factor under conditions where the interaction was al-
tered.

Integrin-mediated cell-ECM interaction was inhibited using
the peptide RGDS, a motif that is recognized by integrins and
found in several ECM proteins (13, 65). Previously, we
showed that the RGDS peptide inhibits the interaction between
the ECM and the myoblast surface (59). Myoblasts were
preincubated with different concentrations of RGDS before
incubation with LPA 20 �g/ml for 3 h. ctgf mRNA levels were

analyzed, as indicated in Fig. 1A. We found a dose-dependent
inhibition of ctgf mRNA levels, reaching a 70% inhibition at
0.05 mg/ml RGDS. Therefore, the subsequent experiments
were carried out using this RGDS concentration. We then
analyzed the effect of the RGDS peptide on CTGF induction in
response to LPA at different time points. Figure 1B, top, shows
that LPA induces a rapid increase in CTGF protein levels.
Elevated CTGF was observed 3 h after LPA addition, which
was maintained throughout all of the times analyzed (6 and
9 h). In contrast, when myoblasts were preincubated with
RGDS, CTGF induction by LPA was dramatically reduced.
Quantitative analysis confirmed the reduction of CTGF (Fig.
1B, bottom). To determine if the inhibition of the CTGF
induction was specific, we preincubated myoblasts with the
RGES control peptide and Ki16425, an LPA receptor antago-
nist with selectivity for LPA1 and LPA3 receptors (82). Figure
1C, left, shows that RGES does not have an inhibitory effect,
and total inhibition was observed with the use of LPA receptor
antagonist. Quantitative analysis showed that the expression of
CTGF was not significantly reduced by RGES but was totally
inhibited by Ki16425 (Fig. 1C, right). To gain insight into the
potential integrin involved in CTGF expression mediated by
LPA, we used cilengitide, a specific inhibitor of integrins �v�3
and �v�5, implicated in fibrosis (11). Figure 1D shows that
cilengitide reduces the induction of CTGF mediated by LPA in
a dose-dependent manner. Finally, the presence of integrin
subunit �v mRNA transcripts in myoblasts is shown in Fig. 1E.

Next, we decided to evaluate whether phosphorylation of the
focal adhesion kinase (FAK), the main modulator of integrin
signaling, was required for CTGF induction in response to
LPA. To do this, we used the FAK Y397 phosphorylation
inhibitor PF-573228 (PF-228) (70). Myoblasts were preincu-
bated with PF-228, 3 �M, before the addition of LPA 20
�g/ml. Then, we determined the levels of ctgf mRNA. Figure
2A shows a dramatic decrease in the induction of ctgf mRNA
by LPA in the presence of PF-228. Likewise, we analyzed the
effect of PF-228 on the expression of CTGF at the protein level
over time. Figure 2B shows a reduction of CTGF levels at all
times analyzed, when FAK Y397 phosphorylation was inhib-
ited. This reduction was similar to the one described using the
RGDS peptide (Fig. 1B). The same Fig. 2B shows the inhibi-
tion of FAK phosphorylation by PF-228.

Interestingly, the effect of RGDS and FAK phosphorylation
on CTGF expression was also observed when it was induced
by the profibrotic factor TGF-�1 (Fig. 2C). Several integrins
containing the �v subunit modulate the activation of the
transforming growth factor (TGF-�) pathway (43, 56). Cilen-
gitide inhibited the expression of CTGF in response to TGF-�1
(Fig. 2D). The canonical Smad-dependent signaling pathway
was activated in response to TGF-�1 and was not altered under
those conditions (Fig. 2E). We did not observe a variation in
Smad3 translocation into the nucleus in the presence of RGDS
or PF-228 (Fig. 2F). Altogether, these results suggest that the
induction of CTGF by LPA and TGF-�1 requires ECM inter-
actions with the myoblast surface via integrin/FAK signaling,
likely requiring the participation of �v integrins.

Myofibroblast-derived ECM increases the induction of
CTGF by LPA. CTGF is elevated under several fibrotic con-
ditions (36) in conjunction with an increase in the amount and
quality of ECM components (9, 10, 23). Since cell-ECM
interactions seem to be required for the expression of CTGF,
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we decided to evaluate if an in vitro model of increased ECM
could augment the induction of CTGF in response to LPA.

The fibroblast cell line C3H 10T1/2 was incubated with
TGF-�1 to induce the differentiation of fibroblasts into myo-
fibroblasts that secrete increased levels of ECM components
(28, 49). Indirect immunofluorescent staining experiments
(Fig. 3A) show increased levels of fibronectin and also of the
well-characterized myofibroblast marker �-SMA when fibro-
blasts were treated with TGF-�1 5 ng/ml. Western blot anal-
ysis (Fig. 3B) shows an increase in fibronectin and collagen
type III, both key ECM components. Next, the cell cultures
were decellularized to obtain the attached ECM. Fibronectin,
which was increased after TGF-�1 treatment, remains attached
to the dish after removal of the cells using an EDTA-EGTA-
based extraction buffer (Fig. 3C).

To determine whether the myofibroblast-derived ECM had
an effect on CTGF expression, myoblasts were seeded on top

of it. After 24 h, myoblasts were treated with LPA 20 �g/ml for
3 h, and ctgf mRNA levels were determined. Figure 3D shows
a threefold increase in the induction of ctgf mRNA by LPA in
the presence of myofibroblast ECM compared with fibroblast
ECM or the uncoated dish. The increase in ctgf mRNA was
also observed in the absence of LPA (Fig. 3D). Fibroblast-
derived ECM did not have a significant effect on ctgf mRNA
expression when compared with the uncoated plate. When
CTGF levels were analyzed by Western blotting, we observed
the same increase of CTGF in the presence of fibrotic ECM
under both conditions (	LPA; Fig. 3E, top). Similarly, as for
mRNA levels, cells seeded on fibroblast ECM did not show
any difference in CTGF levels compared with the uncoated
plate after LPA incubation (Fig. 3E, top). Quantitative analysis
showed that the expression of CTGF was significantly in-
creased by the presence of myofibroblast ECM (Fig. 3E,
bottom). To exclude the possibility that some remaining

Fig. 1. Inhibition of integrin-mediated cell-ECM interaction reduces the induction of CTGF by LPA. A: C2C12 cells were preincubated with different
concentrations of RGDS before LPA 20 �g/ml addition. ctgf mRNA levels were analyzed by RT-qPCR. The 18s gene was used as a reference. Values represent
means 	 SD; n 
 3. ***P � 0.0001, Control vs. RGDS; one-way ANOVA test. B: cells were preincubated with RGDS, 0.05 mg/ml before LPA 20 �g/ml
addition. Incubation times are shown. CTGF levels were analyzed by Western blotting (top). Tubulin was used as the loading control. Levels of CTGF were
quantified (bottom). Values represent means 	 SD; n 
 3. **P � 0.01, *P � 0.05, Control vs. RGDS; two-way ANOVA test. C: cells were preincubated with
RGDS (0.05 mg/ml), RGES (0.05 mg/ml), or Ki16425 (20 �M) for 30 min, and then LPA was added for 3 h. CTGF levels (left) were analyzed, as described
in B. Levels of CTGF were quantified (right). Values represent means 	 SD; n 
 3. ***P � 0.0001, *P � 0.05, Control vs. RGDS; two-way ANOVA test.
D: C2C12 cells were preincubated with different concentrations of cilengitide before LPA 20 �g/ml addition and incubation for 3 h. CTGF levels were analyzed
as described in B. E: RT-PCR analysis of �v integrin expression in C2C12 myoblasts; 18s was used as a reference.
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TGF-�1 that was used to produce the myofibroblast-derived
ECM was responsible for the observed CTGF induction, we
treated the myoblasts with a specific inhibitor of the TGF-�
receptor type I kinase activity (SB-525334). We did not ob-

serve any difference in the increased levels of CTGF by
myofibroblast-derived ECM (Fig. 3F). Next, we evaluated if
the increment in CTGF expression in response to the myofi-
broblast-derived ECM could be affected by inhibiting FAK

Fig. 2. Inhibition of FAK phosphorylation reduces the induction of CTGF by LPA. A: C2C12 cells were preincubated with PF-228, 3 �M before LPA 20 �g/ml
addition. ctgf mRNA levels were analyzed by RT-qPCR. The 18s gene was used as a reference. Values represent means 	 SD; n 
 3. ***P � 0.0001; Student’s
t-test. B: cells were preincubated with PF-228, 3 �M before LPA 20 �g/ml addition. Incubation times are shown. CTGF, phosphorylation of FAK Y397 (p-FAK
Y397), and FAK total levels were analyzed by Western blotting (top). Tubulin was used as the loading control. CTGF protein levels were quantified (bottom).
Values represent means 	 SD; n 
 3. **P � 0.01, *P � 0.05, Control vs. PF-228; two-way ANOVA test. C: C2C12 cells were preincubated with RGDS 0.05
mg/ml or PF-228 3 �M before addition of TGF-�1 5 ng/ml. ctgf mRNA levels were analyzed by RT-qPCR. The 18s gene was used as a reference. Values
represent means 	 SD; n 
 3. ***P � 0.0001; one-way ANOVA test. D: C2C12 myoblasts were preincubated for 30 min with different concentrations of
cilengitide before TGF-�1 (5 ng/ml) incubation for 3 h. E: C2C12 cells were preincubated with RGDS or PF-228 before addition of TGF-�1. Representative
immunofluorescence of pSmad3 (green) is shown. Nuclei are stained with Hoechst (insets; blue). Scale bar, 50 �m. F: percentage of positive pSmad3 nuclei in
E was calculated. Values represent means 	 SD; n 
 3. ***P � 0.0001, Control vs. TGF-�1; two-way ANOVA test.
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phosphorylation. Myoblasts were seeded on the ECMs, as
described in the previous experiments. Figure 3G shows that
PF-228 produced a similar decrease in ctgf mRNA levels in all
of the coating conditions evaluated (60–70%), with the excep-
tion of a basal increment of ctgf mRNA levels in the presence
of myofibroblast-derived ECM.

These results strongly suggest that, in the presence or ab-
sence of LPA, myofibroblast-derived ECM augments the ex-
pression of CTGF and that this increase is mediated by FAK
phosphorylation.

Fibrotic ECM produced by fibroblast obtained from dys-
trophic muscle increases the induction of CTGF by LPA.
Muscle fibrosis is a common feature of the Duchenne
muscular dystrophy (DMD) mice model (mdx mouse) (54).
Previous work from our laboratory showed that fibroblasts
isolated from mdx skeletal muscles produce higher levels of
ECM proteins when compared with cells isolated from
wild-type muscles (49). We decided to evaluate if this
fibrotic ECM (mdx fibroblast-derived ECM) could increase
CTGF expression in response to LPA.

MCT fibroblasts, isolated from wild-type and mdx mus-
cles, were grown for 48 h, and cells were removed to obtain
the ECM, as explained above. Myoblasts were seeded on the
same plates, and CTGF levels induced by LPA 20 �g/ml
were analyzed by Western blotting. Figure 4, top, shows that
in the presence of mdx fibroblast-derived ECM, the levels of
CTGF, observed in the presence or absence of LPA, were
significantly increased, similar to the results obtained when
C3H 10T1/2 myofibroblast-derived ECM was used (Fig. 3E).
Surprisingly, myoblasts incubated on wild-type fibroblast-de-
rived ECM showed a reduction of CTGF levels under both
experimental conditions (quantification in Fig. 4, bottom). This
outcome suggests that there might be an intrinsic mechanism
by which fibroblasts repress CTGF expression.

These results indicate that ECM produced by activated
fibroblasts obtained from fibrotic skeletal muscle (mdx mouse)
increases the levels of CTGF expression compared with ECM
obtained from wild-type muscle fibroblasts.

Fibronectin and laminin coating increases the induction of
CTGF by LPA. We have demonstrated that fibronectin and
laminin are increased in skeletal muscle biopsies obtained from
DMD patients (2). Therefore, we decided to evaluate whether
these proteins could affect the levels of CTGF expression.

Myoblasts were seeded on plates coated with different con-
centrations of fibronectin (0.1, 0.25, 0.5 �g/cm2). The cells

were then incubated with LPA 20 �g/ml, and CTGF protein
levels were analyzed (Fig. 5A). We observed increased expres-
sion of CTGF induced by LPA in the presence of fibronectin,
reaching a maximum at a fibronectin concentration of 0.25
�g/cm2. When different laminin concentrations were used (0.5,
1, 2 �g/cm2), a peak in the induction of CTGF by LPA was
observed at a laminin concentration of 0.5 �g/cm2 (Fig. 5B).
Finally, we also used gelatin (0.5, 1, 2 �g/cm2), and interest-
ingly, the induction of CTGF caused by LPA was not altered
by gelatin addition (Fig. 5C).

Since we observed that both fibronectin and laminin in-
creased the expression of CTGF, we analyzed if these proteins
could have an additive or synergistic effect on its expression.
When laminin was maintained constant and increasing concen-
trations of fibronectin were used in the presence or absence of
LPA, a slightly additive increase in CTGF expression was
observed in each case (data not shown). Overall, these results
indicate that an increment of ECM components, such as fi-
bronectin and laminin, increases the levels of CTGF expression
in response to LPA.

Fig. 3. Myofibroblast-derived ECM increases the induction of CTGF by LPA. A: representative immunofluorescence of �-SMA (red) and fibronectin (green) in
the fibroblast cell line C3H 10T1/2, treated with TGF-�1 5 ng/ml. Nuclei are stained with Hoechst (blue). Scale bar, 50 �m. B: representative Western blot of
fibronectin (FN) and collagen type III (Col III) levels in C3H 10T1/2 fibroblasts treated with TGF-�1 5 ng/ml. Tubulin was used as the loading control. C:
representative immunofluorescence of fibronectin (green) produced by fibroblasts (Fb) or myofibroblasts (Mfb). Left: before cell removal; right: after cell
removal. Nuclei are stained with Hoechst (blue). Scale bar, 50 �m. D: C2C12 cells were seeded on plates coated with C3H 10T1/2 fibroblast-derived ECM (Fb
ECM) or myofibroblast-derived ECM (Mfb ECM) before LPA 20 �g/ml addition. ctgf mRNA levels were analyzed by RT-qPCR. The 18s gene was used as
reference. Values represent means 	 SD; n 
 3. #P � 0.0001, Control vs. LPA, two-way ANOVA test; &P � 0.0001, Uncoated vs. Coated (Control), one-way
ANOVA test; ***P � 0.0001, Uncoated vs. Coated (LPA), one-way ANOVA test. E: CTGF levels in the presence of Fb ECM or Mfb ECM and in response
of LPA 20 �g/ml were analyzed by Western blotting (top). Tubulin was used as the loading control. Levels of CTGF were quantified (bottom). Values represent
means 	 SD; n 
 3. *P � 0.05, Control vs. LPA; two-way ANOVA test. F: C2C12 cells were seeded on plates coated with C3H 10T1/2 myofibroblast-derived
ECM (Mfb ECM) and incubated with SB-525334 2 �M for 3 h. CTGF levels were analyzed by Western blotting (top). Tubulin was used as the loading control.
Levels of CTGF were quantified (bottom). Values represent means 	 SD; n 
 3. *P � 0.05, Control vs. SB-525334; Student’s t-test. G: C2C12 cells were seeded
on plates coated with C3H 10T1/2 fibroblast-derived ECM (Fb ECM) or myofibroblast-derived ECM (Mfb ECM). A preincubation with PF-228 3 �M was done
before LPA 20 �g/ml addition. ctgf mRNA levels were analyzed by RT-qPCR. The 18s gene was used as a reference. The decreased ratio of the ctgf mRNA
levels in cells treated with PF-228 � LPA is shown. Values represent means 	 SD; n 
 3. #P � 0.0001, Control vs. LPA, two-way ANOVA test. &P � 0.0001,
Uncoated vs. Coated (Control), one-way ANOVA test; ***P � 0.0001, **P � 0.001, Uncoated vs. Coated (LPA), one-way ANOVA test.

Fig. 4. ECM produced by MCT fibroblasts from mdx muscles increases the
induction of CTGF by LPA. C2C12 cells were seeded on plates coated with
mdx fibroblast-derived ECM (mdx ECM) or wild-type fibroblast-derived
ECM (wt ECM) before LPA 20 �g/ml addition. CTGF levels were analyzed
by Western blotting (top). Tubulin was used as the loading control. Levels
of CTGF were quantified (bottom). Values represent means 	 SD; n 
 4.
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Myofibroblast-derived ECM inhibits skeletal muscle differ-
entiation. Since ECM produced by myofibroblasts induces
CTGF expression (Figs. 3 and 4), we evaluated if this fibrotic
ECM could affect skeletal muscle differentiation. Myofibro-
blast-derived ECM shows no effect on basal myoblasts prolif-
eration (Fig. 6A). In contrasts, this ECM shows an inhibitory
effect on myoblast differentiation, evaluated by myogenin (Fig.
6B) and myosin heavy-chain expression (Fig. 6C), when com-
pared with myoblasts induced to differentiate on fibroblast-
derived ECM. Since LPA inhibits skeletal muscle differentia-
tion (81), we did the same experiments but in the presence of
LPA. Figure 6D shows a reduction in myogenin mRNA levels
when myoblasts were differentiated in the presence of LPA 20
�g/ml. Moreover, myoblasts were seeded in the presence of
fibroblast- or myofibroblast-derived ECM, and they were dif-
ferentiated in the presence of LPA 20 �g/ml. LPA inhibited
myogenin mRNA expression in fibroblast-derived ECM but
not in myofibroblast-derived ECM (Fig. 6E). Finally, we as-
sessed the levels of phosphorylated (p)ERK1/2 in myoblasts
seeded in those conditions, and we found that cells in the

presence of myofibroblast-derived ECM have higher levels of
p-ERK1/2 than those on fibroblast-derived ECM (Fig. 6F).
These results indicate that fibrotic ECM derived from myofi-
broblasts inhibits skeletal muscle differentiation and suggest
that the signaling could be mediated by ERK activation.

DISCUSSION

In this report, we presented experimental evidence that
strongly suggests that the ECM stimulates the synthesis of the
profibrotic factor CTGF. The integrin protein family mediates
ECM components’ recognition. The binding of the ECM to
integrins induces the autophosphorylation of FAK at tyrosine
397, which in turn, phosphorylates other tyrosine residues in
FAK, maximizing its kinase activity and creating protein-
binding sites that activate downstream signaling responses (8).
The activation of FAK is a characteristic of fibroblasts from
pulmonary fibrosis patients, and it has been suggested to be a
key mediator of this disease. In fact, the targeting of FAK
resulted in marked remission of bleomycin-induced pulmonary

Fig. 5. Fibronectin and laminin increase LPA induction of CTGF. Plates were coated with different concentrations of fibronectin (A), laminin (B), and gelatin
(C) before seeding C2C12 cells. CTGF levels, in the presence of those coating proteins and in response to LPA 20 �g/ml, were analyzed by Western blotting
(left). Tubulin was used as the loading control. Levels of CTGF were quantified (right). Values represent means 	 SD; n 
 3. *P � 0.05, Control vs. LPA;
two-way ANOVA test.

C422 CTGF/CCN2 EXPRESSION IS REGULATED BY ECM

AJP-Cell Physiol • doi:10.1152/ajpcell.00013.2017 • www.ajpcell.org
Downloaded from www.physiology.org/journal/ajpcell by ${individualUser.givenNames} ${individualUser.surname} (146.155.212.174) on April 6, 2018.

Copyright © 2018 American Physiological Society. All rights reserved.



fibrosis in mice (37). We chose myoblasts to evaluate the role
of the ECM on CTGF expression, because this cell type, as
well as skeletal muscle fibers, has been shown to express
elevated levels of CTGF in dystrophic tissue (54, 63, 73). In
addition, we have demonstrated that LPA induces the expres-
sion of biologically active CTGF in myoblasts (76). Moreover,
previous studies showed that the cytoskeleton plays an impor-

tant role in the regulation of this factor. Specifically, alterations
in microtubule organization promote the stabilization of actin
filaments in a RhoA-dependent fashion, which consequently
induce the expression of CTGF (60). On the other hand,
inhibition of Rho kinase produces a decrease in its expression
(6). Furthermore, there is a well-documented connection be-
tween the ECM and the cytoskeleton through integrins, in

Fig. 6. Myofibroblast-derived ECM inhibits skeletal muscle differentiation. A: C2C12 cells were seeded on plates coated with C3H 10T1/2 fibroblast-derived
ECM (Fb ECM) or myofibroblast-derived ECM (MFb ECM) for 24 h. An MTT assay of these cells was carried out. Values represent means 	 SD; n 
 3; Control
vs. LPA; Student’s t-test. B and C: C2C12 cells were seeded on plates coated with C3H 10T1/2 fibroblast-derived ECM (Fb ECM) or myofibroblast-derived ECM
(Mfb ECM). Cells were differentiated for 24 h (B) or 4 days (C). Myogenin (B) and myosin heavy chain (MyHC; C) levels were analyzed by Western blotting.
Tubulin was used as the loading control. D: C2C12 cells were differentiated for 24 h in the presence of LPA 20 �g/ml. Myogenin mRNA levels were analyzed
by RT-qPCR. The 18s gene was used as a reference. Values represent means 	 SD; n 
 6. ***P � 0.001, Control vs. LPA; Student’s t-test. E: C2C12 cells
were seeded on plates coated with C3H 10T1/2 fibroblast-derived ECM (Fb ECM) or myofibroblast-derived ECM (Mfb ECM). Cells were differentiated for
24 h in the presence of LPA 20 �g/l. Myogenin mRNA levels were analyzed by RT-qPCR. The 18s gene was used as reference. Values represent means 	 SD;
n 
 6. ***P � 0.001; Control vs. LPA; one-way ANOVA test. F: C2C12 cells were seeded on plates coated with C3H 10T1/2 fibroblast-derived ECM (Fb ECM)
or myofibroblast-derived ECM (Mfb ECM) for 24 h. CTGF, p-ERK1/2, and ERK1/2 levels were analyzed by Western blotting. Tubulin was used as the loading
control.
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which several proteins participate dynamically (8, 30). On the
basis of these concepts, we hypothesized that alterations in the
composition and recognition of the ECM would affect integrin
downstream mediators and thus CTGF expression. The results
presented in this paper support such hypothesis.

Fibrosis is a common characteristic of several chronic dis-
eases (79). Several factors have been involved in the patho-
genesis of these fibro-proliferative illnesses, for example,
TGF-�, CTGF, LPA, hypoxia, angiotensin, PDGF, and endo-
thelin, among others (5, 17, 35, 40, 45). Our results suggest that
a pathological ECM could be influencing the fibrotic response
through the induction of CTGF, although the increase of other
profibrotic factors via the same mechanism cannot be ex-
cluded.

Particularly interesting are the observations that the induc-
tion of CTGF in response to fibrotic ECM, derived either from
in vitro-induced myofibroblasts or activated fibroblasts isolated
from fibrotic skeletal muscle (1, 54), enhanced the expression
of CTGF, both at basal incubation conditions and in response
to LPA. It is known that fibrotic skeletal muscle ECM presents
changes in the quality and quantity of their constituents when
compared with normal muscle (2, 7, 24). Therefore, it is likely
that fibrotic ECMs induce the synthesis of CTGF, acting as a
harmful, positive feedback loop within tissues. This is a pos-
sible mechanism of induction of CTGF expression that ex-
plains the elevated CTGF levels found in dystrophic muscle
(53, 54, 73), as well as in other fibrotic diseases (36). Support-
ing this concept, it was shown that in idiopathic pulmonary
fibrosis (IPF), fibroblast gene expression is activated to re-
model the ECM pathologically by the aberrant ECM that was
already produced, generating a positive feedback loop between
cells and ECM (62). Importantly, we also found that myofi-
broblast-derived ECM inhibits skeletal muscle differentiation.
Both features, enhanced fibrosis together with diminished skel-
etal muscle differentiation, are hallmark characteristics of skel-
etal muscular dystrophies. Therefore, the understanding of the
cellular and molecular mechanisms involved in the synthesis
and interaction of the ECM with the muscle surface is essential
for the development of new strategies focused on improving
skeletal myopathies (15, 64).

Furthermore, we show that increased CTGF expression is
mediated by the integrin/FAK signaling, since the blockage of
integrins using the RGDS peptide cilengitide or FAK phos-
phorylation inhibition using PF-228 leads to a decrease in
CTGF levels. This novel mechanism involved in the regulation
of CTGF expression opens the question of whether cellular
responses to a fibrotic ECM are due to an alteration of ECM
structure, a differential expression of specific components,
or both. We performed experiments using fibronectin and
laminin, and we observed an increment in the induction of
CTGF, but the effect was not the same for the two proteins.
We do not know if this effect corresponds to a specific role
of these ECM proteins or if the increase of CTGF expression
is the result of a better cell attachment. Nevertheless, among
the ECM candidates to be involved in the increase of CTGF
expression, fibronectin and periostin are attractive candi-
dates. Fibronectin is clearly augmented in our myofibro-
blast-derived ECM and decreases significantly in dystrophic
mice when fibrosis is inhibited (1, 54). Periostin, although
not evaluated in this study, is one of the ECM proteins that
shows a higher increase in DMD, as well as in mdx skeletal

muscle (20, 29, 52, 57). To understand the specific roles of
each ECM component, a deeper analysis of the fibrotic ECM
present in several skeletal muscular dystrophies is required.
This type of analysis has been done in a model of IPF to
evaluate how the interplay between ECM and fibroblasts af-
fects the transcriptome. The experiments were done culturing
primary fibroblasts generated from IPF patients’ lung tissue or
nonfibrotic lung tissue on decellularized lung ECM from either
IPF or control patients. Interestingly, the origin of the ECM
had a greater impact on gene expression than cell origin, and
differences in translational control were more prominent than
alterations in transcriptional regulation (62). Several studies
demonstrate a relationship between specific factors, such as
TGF-� and LPA, and CTGF. Fibronectin and periostin bind
several integrins containing the �v subunit and are attractive
candidates to explain the increase in CTGF mediated by ECM
(25, 72). The integrins �v�1, �v�3, �v�5, �v�6, and �v�8
have been known to modulate the fibrotic process via activa-
tion of latent TGF-� (14a, 22, 71). Using the pharmacological
inhibitor cilengitide, a cyclic RGD peptide that specifically
binds to �v�3, �v�5, and �v�6 (11, 25, 26), we demonstrated
that CTGF induction by LPA requires these receptors. We also
found that this integrin inhibitor decreases CTGF expression
induced by TGF-�1. Previously, we had reported that induc-
tion of CTGF requires TGF-�1 signaling (12). Recently, it was
shown that the blockage of �v�1 but not of �v�3 ameliorates
fibrosis in vivo (14a). Further analyses are required to deter-
mine the exact integrin(s) involved in the mechanism of CTGF
induction by ECM.

Recently, hypoxia and endothelin were also shown to par-
ticipate in the regulation of this profibrotic factor. Here, we
showed that an altered ECM also participates in this regulation.
To gain further insight into this mechanism, we are evaluating
the composition of ECM isolated from the dystrophic mouse
and how it affects the expression of different profibrotic fac-
tors. These analyses open the possibility that the alteration of
the interaction between fibrotic ECM and target profibrotic
cells, such myofibroblasts (19, 24, 49, 77) or skeletal muscle
fibers (61, 76), might become a novel strategy for DMD
treatment.

Finally, we used the phospholipid LPA as an inductor of
CTGF expression; this molecule is gaining great attention for
its involvement in various disease processes, as well as in
normal physiological functions (3, 14, 31, 44). Skeletal muscle
cells respond to LPA (76), and this response seems to require
transactivation of TGF-� receptors and activation of JNK (12)
but not ERK signaling pathways (12, 69). Furthermore, LPA
inhibits myoblast differentiation (81). This is particularly in-
teresting, since we have shown that CTGF, which is induced by
LPA, also inhibits myoblast differentiation (76). The potential
inhibitory effect of LPA in skeletal muscle differentiation,
mediated by CTGF, requires further investigation. Currently,
we are evaluating the role of LPA antagonists as potential
molecules to fight fibrosis in several models of skeletal mus-
cular dystrophies (64).
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