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Decoding Fibrosis

Role of TGF-b/SMAD/YAP/TAZ signaling in skeletal muscle fibrosis
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Abstract

Skeletal muscle fibrosis is strongly associated with the differentiation of its resident multipotent fibro/adipogenic progenitors
(FAPs) toward the myofibroblast phenotype. Although transforming growth factor type b (TGF-b) signaling is well-known for driv-
ing FAPs differentiation and fibrosis, due to its pleiotropic functions its complete inhibition is not suitable for treating fibrotic dis-
orders such as muscular dystrophies. Here, we describe that TGF-b operates through the mechanosensitive transcriptional
regulators Yes-associated protein (YAP)/ transcriptional coactivator with PDZ-binding motif (TAZ) to determine the myofibroblast
fate of FAPs and skeletal muscle fibrosis. Spatial transcriptomics analyses of dystrophic and acute injured muscles showed that
areas with active fibrosis and TGF-b signaling displayed high YAP/TAZ activity. Using a TGF-b-driven fibrotic mouse model, we
found that activation of YAP/TAZ in activated FAPs is associated with the fibrotic process. Mechanistically, primary culture of
FAPs reveals the remarkable ability of TGF-b1 to activate YAP/TAZ through its canonical SMAD3 pathway. Moreover, inhibition of
YAP/TAZ, either by disrupting its activity (with Verteporfin) or cellular mechanotransduction (with the Rho inhibitor C3 or soft mat-
rices), decreased TGF-b1-dependent FAPs differentiation into myofibroblasts. In vivo, administration of Verteporfin in mice limits
the deposition of collagen and fibronectin, and the activation of FAPs during the development of fibrosis. Overall, our work pro-
vides robust evidence for considering YAP/TAZ as a potential target in muscular fibroproliferative disorders.

NEW & NOTEWORTHY The understanding of the nuclear factors governing the differentiation of muscular fibro/adipogenic pro-
genitors (FAPs) into myofibroblasts is in its infancy. Here, we comprehensively elucidate the status, regulation, and role of the
mechanotransducers Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) in the muscular
fibrotic process. Our findings reveal that inhibiting cellular mechanotransduction limits FAP differentiation and the extent of mus-
cular fibrosis exerted by transforming growth factor type b (TGF-b). This research shed new lights on the molecular mechanisms
dictating the cell fate of FAPs and the muscular fibrosis.

FAPs; fibrosis; skeletal muscle; TGF-b ; YAP/TAZ

INTRODUCTION

Muscular dystrophies are a diverse group of myopathies
mainly manifested by the loss of critical proteins connecting
the myofiber to the surrounding extracellular matrix (ECM).
Mutations affecting the production of the cytoskeleton-asso-
ciated scaffolding protein dystrophin result in the develop-
ment of Duchenne muscular dystrophy (DMD), the most
common and severe dystrophic type (1). Due to contraction

movements, myofibers undergo constant degeneration, lead-
ing to the buildup of a chronic inflammatory environment.
Several cytokines released by inflammatory cells affect the
native behavior of resident stromal cells, ultimately promot-
ing the accumulation of a disorganized ECM that affects the
architecture and performance of the tissue, a process known
as the fibrotic response.

Fibrosis is recognized to be triggered by the dysregulated
activation of tissue-resident fibroblasts/stromal cells and
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their conversion into highly contractile ECM-producing
myofibroblasts (2). Fibro/adipogenic progenitors (FAPs) are
the multipotent fibroblasts/stromal cell population of the
skeletal muscle characterized by the expression of platelet-
derived growth factor receptor a (PDGFRa). Activated FAPs
accumulate in the fibrotic ECM and contribute to this envi-
ronment by expressing large quantities of ECM molecules
(3–5). One of the most recognized stimuli driving both FAPs
differentiation and muscular fibrosis is the signaling of the
transforming growth factor type b (TGF-b) (3, 6–8).

TGF-b belongs to the TGF-b superfamily of growth factors
that signal through a heterotetrameric serine/threonine ki-
nase receptor complex [containing TGF-b receptors I and II
(Tb-RI and -RII)], which induces the activation, through
phosphorylation, of the single mediator of the pathway, the
mothers against decapentaplegic (SMAD2/3 in the case of
TGF-b subfamily) transcription factors (TFs) (9). Once acti-
vated, phospho-SMAD2/3 can, in turn, form a ternary com-
plex with the nonreceptor-activated SMAD4 and translocate
to the nucleus. The complex binds to specific SMAD binding
elements (SBE) on the promoter sequences of TGF-b-regu-
lated genes to orchestrate gene expression programs.
Mammals express three TGF-b isoforms (TGF-b1, -2, and -3),
and all of them are upregulated in fibrotic muscle with the
faculty to induce genes associated with the myofibroblast
phenotype in FAPs (6). Thus, understanding FAPs biology
and TGF-b profibrotic signaling mechanisms is critical for
comprehension of the underlying pathophysiology of mus-
cular dystrophies and the fibrotic response.

The paralogous transcriptional coregulators Yes-associ-
ated protein (YAP) and transcriptional coactivator with PDZ-
binding motif (TAZ), hereafter YAP/TAZ, emerges as a prom-
ising actionable target in skeletal muscle fibrosis (10). YAP/
TAZ operates in the nucleus, where it interacts mainly with
members of the transcriptional enhancer factor (TEA)-do-
main (TEAD) family of TFs to control the expression of a set
of genes, providing the potential to regulate pivotal biologi-
cal processes such as proliferation, cell fate specification,
and tissue growth. Over the years, the regulation of YAP/TAZ
has often been overlooked, with the primary focus on its sup-
pression by the tumor suppressor Hippo pathway. This regu-
lation occurs through inhibitory phosphorylation, leading to
cytoplasmic sequestration and subsequent degradation.
Nevertheless, various modulators, some even overriding the
Hippo pathway, have been identified. YAP/TAZ function as
highly conserved molecular mechanotransducers, respond-
ing to the cell’s mechanical state and shape (11). For instance,
YAP/TAZ is activated when cells experience sufficient acto-
myosin-cytoskeleton tension due to cell spreading and the
sensing of high ECM stiffness and adhesiveness (12–14).

YAP/TAZ can interact with SMADs, dictating their nuclear
localization and transcriptional activities (15–19). Thus, YAP/
TAZ loss of function suppresses fibrosis in several organs
and affects myofibroblast differentiation of their corre-
sponding fibroblasts/stromal cells induced by TGF-b (10, 20–
24). Regarding skeletal muscle, expression of a constitutively
active form of YAP in a healthy mouse induces features of
muscular dystrophy such as myofiber necrosis, myogenesis,
atrophy, and fibrosis (25, 26). Moreover, we have previously
demonstrated the induction of YAP/TAZ activity in dener-
vated muscles (an experimental model of muscle fibrosis),

and also that FAPs activate YAP/TAZ in response to the pro-
fibrotic signaling lipid lysophosphatidic acid (27, 28). Here,
we show the conserved ability of YAP/TAZ to determine cell
fate decisions of muscular FAPs in response to TGF-b signal-
ing, ultimately affecting the development of muscular fibro-
sis. Using different YAP/TAZ inhibitors (affecting at the
nuclear and mechanosensing level), we showed that YAP/
TAZ is critical for allowing the differentiation of FAPs in
vitro and the development of fibrosis in vivo. Moreover, we
provide spatial omics analyses indicating that the activities
of YAP/TAZ and TGF-b correlate and are spatially associated
in the fibrotic muscle. This work proposes YAP/TAZ as a
potential actionable target for muscular dystrophies.

MATERIALS AND METHODS

Animal Experiments

Animal procedures were reviewed and approved by the
Animal Ethics Committee of Fundaci�on Ciencia & Vida
(P065/2024). PDGFRaEGFP (JAX Stock No. 007669) (29) and
mdx (JAX Stock No. 001801) mice were housed before and
during experiments in adequate cages, in groups of 4 ani-
mals/cage, with a 12-h light-dark cycle, and fed ad libitum.
For induction of fibrosis, 5-mo-old male PDGFRaEGFP mice
(25–30 g) were anesthetized with 2%–3% isoflurane gas in ox-
ygen at a rate of 0.2 L/min. Animals’ limbs were shaved and
aseptically treated with 2% chlorhexidine. A solution con-
taining 50% vol/vol glycerol and 20 ng/μL of human
recombinant TGF-b1 (240-B, R&D) dissolved in 50 μL phos-
phate buffered solution (PBS) was injected in the left tibialis
anterior. As a control, the contralateral (right) muscle in the
same animal was injected with 50 μL of PBS. Verteporfin
(SML0534, Sigma-Aldrich) was prepared as originally sug-
gested (30). Mice received 50 mg/kg of Verteporfin intraperi-
toneally every 2 days (4 doses), beginning on the same day
but 8 h before recombinant human TGF-b1 dissolved in glyc-
erol (G þ Tb) injection. Animals were monitored for poten-
tial suffering every other day, and analgesia was delivered
with 30 mg/kg of tramadol administered orally. Mice were
euthanized after 7 days of G þ Tb injection by cervical dislo-
cation, and tibial anterior muscles were collected and snap-
frozen in liquid nitrogen-cooled isopentane.

FAPs Isolation and Cell Culture

Isolation of primary muscular FAPs was based on an adhe-
sion protocol using a preplating method previously described
(3, 28). Briefly, hindlimb muscles from C57Bl/6j (JAX Stock
No. 000664) mice were collected, cleared from adipose tissue
and tendons, and mechanically minced. Small pieces were
then subjected to enzymatic digestion at 37�C with 25 mg/g
muscle of Collagenase/Dispase (COLLDISP-RO, Roche) dis-
solved in high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) (12800017; Gibco). After 45 min agitation, the sus-
pension was filtered through 70-μm cell strainers, pelleted,
resuspended in DMEM supplemented with 10% fetal bovine
serum (FBS) (SH30071.02, Hyclone) and antibiotics (P4333,
Sigma-Aldrich), and incubated on 10-cm dishes at 37�C, 5%
CO2, and 95% humidity. After 90 min, the medium was
refreshed to remove nonadherent cells. Primary cells were
used up to passage 2, associated with loss of PDGFRa
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expression (3). C3H/10T1/2 cells (CCL-226, ATCC) were main-
tained and treated identically as FAPs.

For treatments, FAPs were stimulated for the indicated
times and concentrations with TGF-b1 in DMEM supple-
mented with 1% FBS. The SMAD3 inhibitor SIS3 (6 μM;
1009104-85-1, Merck Calbiochem) and the Tb-RI inhibitor
SB525334 (10 μM; S8822, Sigma-Aldrich) were added right
before TGF-b addition. Verteporfin (0.2 μM) and the Rho in-
hibitor I C3 (2 μg/mL; CT04, Cytoskeleton, Inc.) were added 2
h before TGF-b addition. All inhibitors were dissolved in di-
methyl sulfoxide (DMSO), also used as vehicle control.

Protein Extraction, SDS-PAGE, andWestern Blot

Protein expression analyses from whole muscle extracts
and cells were performed as described previously (27, 28). In
brief, equal amounts of proteins were electrophoretically
separated and blotted onto Immobilon-P PVDF membranes
(IPVH00010, Millipore). Membranes were blocked with 5%
nonfat milk in Tris-buffered saline-Tween 20 (TBST) buffer
(50 mM Tris-HCl pH 7.6, 150 mM NaCl and 0.1% Tween 20)
and incubated with the following antibodies: anti-YAP/TAZ
1:1,000 (8418, CST), anti-Fibronectin 1:2,000 (F3648, Sigma-
Aldrich), anti-Transcription factor 4 (TCF4) 1:1,000 (2569S,
Cell Signaling Technology), anti-PDGFRa 1:1,000 (AF1062,
R&D), anti-b1-Integrin 1:1,000 (sc-8978, Santa Cruz Biotech.),
and anti-GAPDH 1:2,000 (sc-365062, Santa Cruz Biotech.).
Chemiluminescence was generated using horseradish peroxi-
dase (HRP)-conjugated secondary antibodies and SuperSignal
Luminol/Enhancer substrates (Thermo Scientific). ImageJ
software (v.1.53k, NIH) was used to obtain pixel density values
and produce quantifications.

RNA Extraction and RT-qPCR

RNA from muscle was extracted using TRIzol according to
the manufacturer’s instructions. Either TRIzol or E.Z.N.A. Kit
Total RNA (R6834, Omega Bio-Tek) was used for cells. RNA
was reversed-transcribed into complementary DNA, and
quantitative PCR was performed in duplicate using PowerUp
SYBR Green master mix (A25741, Applied Biosystems) on
an Eco Rea-Time (Illumina) or QuantStudio 3 Real-Time
(Thermo Scientific) PCR systems. The following primer
sets (Integrated DNA Technologies) were used: Ankrd1 (F:
5 0-GGA TGT GCC GAG GTT TCT GAA-3 0 and R: 5 0-GTC CGT
TTA TAC TCA CAG AC-3 0), Cyr61 (F: 5 0-TAA GGT CTG CGC
TAA ACA ACT C-3 0 and R: 5 0-CAG ATC CCT TTC AGA GCG
GT-3 0), Ctgf (F: 5 0-CAG GCT GGA GAA GCA GAG TCG T-3 0

and R: 5 0-CTG GTG CAG CCA GAA AGC TCA A-3 0), Tagln2
(AGC AGA TCC TCA TCC AGT GG-3 0 and R: 5 0-CCA TCT
GCT TGA AGG CCA-3 0), Acta2 (F: 5 0-TCC CTG GAG AGG
AGC TAC GA-3 0 and R: 5 0-CTT CTG CAT CCT GTC AGC AA-
3 0), and Gapdh (F: 5 0-TGA CAT CAA GAA GGT GAA G-3 0

and R: 5 0-TCC TTG GAG GCC ATG TAG GCC AT-3 0). The
comparative 2�DDCt method was used to determine mRNA
expression.

Staining and Immunofluorescence

Sirius red staining was done as described previously (31).
Sections were imaged with a Leica DMi8 microscope. Images
were segmented and positive area was quantified using
ImageJ. Immunofluorescence was carried out as previously

described for cells (28) and tissue sections (27). The following
antibodies were incubated overnight at 4�C in blocking buffer
(PBS, 1% bovine serum albumin): anti-YAP/TAZ 1:150 (8418,
CST), anti-Fibronectin 1:500 (F3648, Sigma-Aldrich), and anti-
a-SMA 1:250 (A2547, Sigma-Aldrich). Hoechst 1 mg/mL and
Alexa Fluor 568 Phalloidin 1:500 (A12380, Invitrogen) were
used to stain nuclei and F-actin, respectively. Samples were
imaged using an LSM 880 ZEISS confocal microscope with
Airyscan detector (Fig. 2, E and H and Fig. 3D), a Nikon
Eclipse E600 microscope (Fig. 2B, Fig. 3B, and Fig. 4, A and
C), and a Leica DMi8microscope (Fig. 5, B–D).

For YAP/TAZ intensity analysis (Fig. 3H), the green chan-
nel corresponding to the enhanced green fluorescent protein
(EGFP) signal (FAPs nucleus) was converted to 8-bit format,
blurred with a Gaussian filter (sigma ¼ 2.0), segmented, ana-
lyzed for particles, and added to ROI Manager. Then, signal
intensity was measured in the YAP/TAZ channel within ev-
ery segmented EGFPþ nuclei and normalized to the inten-
sity of the whole image. Quantification of the fibronectin
area and the number of EGFP positive nuclei was performed
similarly to YAP/TAZ analysis. Briefly, after segmentation,
the fibronectin-positive area was calculated as the percent-
age of pixels above the given threshold. For EGFP nuclei, the
number of identified particles positive above the given
threshold was counted. As stated in the text, for a better visu-
alization, EGFP images fromG þ Tbmuscles were presented
with an increased intensity. All analyses were performed
using the original intensity of the image, i.e., same acquired
intensity as images from the control muscles. Counting of
cells with a-SMA stress fibers (Fig. 4A) was done by a blind
operator. The instruction was to count cells with cable-like
structures spanning the whole cell body. The percentage of
positive cells was calculated based on the total number of
cells per field.

Hydrogels Preparation

Polyacrylamide (PAA) substrates were prepared as docu-
mented by Gandin et al. (32). Briefly, a pre-mix PAA solution
containing acrylamide (AA), bis-acrylamide (BA), and N-
hydroxyethyl acrylamide (HEAA; 697931, Sigma-Aldrich) was
prepared. Soft hydrogels contained 3.5% AA, 0.03% BA, and
2.3% HEAA, whereas stiff hydrogels contained 6.6% AA,
0.48% BA, and 2.3% HEAA. PAA solution was degassed for
20min, and 1% ammonium persulfate and 0.1% tetramethyle-
thylenediamine were added for polymerization. The polymer-
izing solution was quickly poured into polydimethylsiloxane
(PDMS) rings (20 mm diameter and 0.3 mm height) placed on
Kapton tape. Rings were sealed on top with a 25-mm dried
coverslip previously incubated with NaOH for 3 min, (3-ami-
nopropyl)trimethoxysilane for 3 min, and 0.5% glutaralde-
hyde for 30 min. Polymerized hydrogels were removed from
PDMS rings, placed on culture wells, washed three times with
PBS, and exposed to UV for 15 min. Hydrogels were function-
alized with 25 μg/mL of fibronectin at 37�C overnight (sc-
29011, Santa Cruz Biotech). Cells were seeded in a drop and
treated with TGF-b after 24 h of growth on hydrogels.

Spatial and Single-Cell Transcriptomics

Spatial transcriptomics (33) and single-cell RNA-seq (34)
data were downloaded from Gene Expression Omnibus
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(GEO) under the accession codes GSE225766 (Supplemental
File: GSE225766_RAW.tar) and GSE213925 (Supplemental
File: GSE213925_RAW.tar), respectively. Data were analyzed
in R and with the Seurat package (v.4.2.1).

For spatial data, matrices were SCTransformed and sub-
jected to standard Seurat workflow (FindNeighbors dims ¼
1:30; FindClusters resolution ¼ 0.6; RunUMAP dims ¼ 1:30).
For single-cell data, high-quality cells containing less than 15%
expressed genesmapped formitochondrial origin and between
500–5,000 (wild type, WT) or 800–6,000 (mdx and mdxD2)
expressed genes were maintained. Matrices were merged, nor-
malized, and then integrated using the “IntegrateData” func-
tion with default settings. Seurat standard workflow was
followed to scale the data and run dimensionality reductions
by principal component analysis (PCA) and uniform manifold
approximation and projection (UMAP; dims¼ 1:5). Cell clusters
were identified using “FindNeighbors” (dims ¼ 1:5) and
“FindClusters” (resolution ¼ 0.2) functions. FAPs cluster,
determined by the expression of Pdgfra, was subset and
cells were separated into Vcam1/Adam12-expressing cells
(Vcam1 & Adam12 levels > 0.2) and remaining cells (Vcam1
& Adam12 levels < 0.2). The subset matrix was subjected to
a second round of integration, normalization, scale, and
reduction by PCA.

Signatures scores for each cell (single cell) and spot (spa-
tial) was determined by calculating the average expression
of the sum of values of all the genes contained in the respec-
tive signature. YAP/TAZ and TGF-b signatures were from
Alsamman et al. (35) and Padua et al. (36), respectively. FAPs
signature was created using the top 20 genes expressed by
FAPs by Saleh et al. (34) (Supplemental data: ‘Table S2’).
Fibrosis score was the average expression value of fibronec-
tin (Fn1) and Col1a1 together, and plots were created using
the SpatialFeaturePlot function (min.cutoff¼ ‘q10’).

Statistical Analysis

All graphs show mean and standard deviation unless oth-
erwise indicated. Biological replicates are illustrated as dots
within each graph and indicated in the figure legend.
Statistical difference was considered with a P value less than
0.05. Comparisons between one variable (e.g., treatment) or
two variables (e.g., treatment plus inhibitor) were performed
using unpaired t test or two-way ANOVA, respectively.
When two-way ANOVA was required, Bonferroni’s multiple
comparisons test was done. Graphs and statistical analysis
were obtained using Prism 9 for MacOS software (v.9.5.1).

RESULTS

High YAP/TAZ Activity Is Spatially Associated with
Fibrotic Environments with High TGF-b Signaling

Other groups and we have demonstrated that YAP/TAZ is
dysregulated in fibrosis-affected muscles (26, 27, 37). For
example, muscle denervation triggers fibrosis and YAP/TAZ
upregulation (26, 27). However, dystrophic muscles are far
from being as homogeneous as denervated muscles, and
indeed they are characterized by restricted tissue foci, where
myofiber rupture, fibrosis, and regeneration occur among
the immediate healthy surroundings. We expected that if
YAP/TAZ is integral to fibrosis, we could be able to detect

increased YAP/TAZ signature mapping preferentially in
fibrotic-damaged zones. In support of this idea, our labora-
tory has also shown, through laser microdissection of mdx
muscle, that one of the most recognized YAP/TAZ target
genes, connective tissue growth factor (CTGF, also known as
CCN2), is highly expressed in zones of active muscle damage
and regeneration (38). Thus, to spatially resolve the YAP/
TAZ status, we analyzed published spatial transcriptomics of
muscle from an animal model of DMD, the mdxD2 mouse (a
severe mdx on the DBA/2J genetic background) (Fig. 1A, top)
(33). Inspection of districts with high fibrosis (fibronectin
and collagen 1 levels) (Fig. 1B) and unsupervised clustering
(Fig. 1C) efficiently revealed that the spots clustered as num-
ber 3 correspond to clear areas of active damage and fibrosis.
We compute the activity of YAP/TAZ by analyzing the level
of a 151-gene signature (expression of YAP/TAZ target genes).
Expectedly, cluster 3 exhibited high YAP/TAZ activity when
compared with the rest of spots (Fig. 1D). To add robustness
to our finding and expand beyond muscular dystrophies, we
leveraged the spatial activity of YAP/TAZ during acute muscle
regeneration in which fibrosis transiently occurs (Fig. 1A, bot-
tom). Same as with mdxD2 muscles, we found that clusters 4
and 9 represent reliable fibrotic environments with high YAP/
TAZ activity (Fig. 1,B–D, bottom). Then, to uncover the cellular
and molecular determinants of YAP/TAZ activation in these
fibrotic foci, we focus on the well-recognized fibrotic driver
pair; FAPs and TGF-b signaling. Exploration of TGF-b and
FAPs signatures (34, 36) revealed that both signatures are also
increased in fibrotic zones and show a high degree of correla-
tion with YAP/TAZ activity (Fig. 1, D–F). These observations
placed YAP/TAZ as an integral element of fibrotic muscle and
a valuable tool for exploration.

TGF-b-Rich Injury Induces YAP/TAZ Activity in Skeletal
Muscle

To investigate whether TGF-b can effectively induce YAP/
TAZ activation in muscle in vivo, we injected recombinant
human TGF-b1 dissolved in glycerol (G þ Tb) into the tibialis
anterior muscle of healthy mice (Fig. 2A). The addition of
TGF-b to glycerol inhibits adipogenesis while promoting
fibrogenesis (39). We found a significant fibrotic response
determined by increased collagen and fibronectin deposition
(Fig. 2, B and E). We assessed the activation of YAP/TAZ in
these mice by levels of protein and the expression of its clas-
sic target genes. Fibrosis derived from this experimental
model was associated with an upregulation of YAP/TAZ and its
target genes Ankrd1, Cyr61, Ctgf, and Tagln2 (Fig. 2, C and D).
Then, to investigate the contribution of FAPs, we took advant-
age of the PDGFRaEGFP knock-in mouse (29). In this mouse,
EGFP is driven by the activity of the PDGFRa promoter (main
FAPs marker) and thus, the levels of EGFP expression can be
used as a readout of PDGFRa status. Importantly, downregula-
tion of PDGFRa is connected to the differentiation of FAPs into
myofibroblasts in response to TGF-b (Supplemental Fig. S1A)
(40). As expected, G þ Tb induced a massive expansion of
FAPs (Fig. 2, E and F) coupled with a huge reduction of the
EGFP signal in each cell (Fig. 2G), indicating the activation of
FAPs. For the sake of visualization of EGFP cells, from now on
we present images of EGFP from the G þ Tb muscle with
increased intensity. Thus, to monitor whether increased
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expression of YAP/TAZ is associated with FAPs differentia-
tion we performed immunostaining against YAP/TAZ and
segmented FAPs nuclei into two categories corresponding
to EGFPhigh (‘resting’) FAPs and EGFPlow (‘activated’) FAPs
(Fig. 2, H and I). Analysis of a total of 3,167 nuclei coming
from both control and G þ Tb muscles indicated that
while ‘resting’ EGFPhigh FAPs are equally derived from
normal and damaged muscles, ‘activated’ EGFPlow FAPs
are exclusively found in G þ Tb-injured muscles (Fig. 2I).
With this in mind, we determined the nuclear YAP/TAZ
signal of each nucleus in the two groups. Strikingly, Fig. 2J,
left, shows that ‘activated’ FAPs have increased YAP/TAZ sig-
nal compared with ‘resting’ FAPs. Moreover, since G þ Tb
muscles were enriched in EGFPlow FAPs, an average value of
the YAP/TAZ intensity per each muscle also increased during
damage (Fig. 2J, right). All in all, these data indicate that in
vivo, the differentiation of FAPs into myofibroblasts is
coupled with an increased in YAP/TAZ expression, suggesting
a contribution to the overall activation of YAP/TAZ at whole
tissue level. Thus, YAP/TAZ is highly activated during the
muscle repair process involving strong TGF-b signaling.

The Canonical TGF-b/SMAD Pathway Drives YAP/TAZ
Activation in FAPs

Our previous data indicate a strong association between
TGF-b signaling and YAP/TAZ activity, motivating us to
monitor the direct influence of TGF-b over YAP/TAZ in
FAPs. We performed a primary culture of these cells using a
plating method originally described to isolate muscular
TCF4þ fibroblasts (Fig. 3A) (41). Our laboratory has previ-
ously described the indistinguishable overlap between
TCF4þ fibroblasts and PDGFRaþ FAPs and thus consid-
ered them as the same cell identity (3). Indeed, the isolation
of FAPs from the PDGFRaEGFP mouse using this plating
method further validated our culture specificity since nearly
all cells in the culture were nuclear EGFP positive (Fig. 3B).
To corroborate our findings in primary cell culture, we also
used the nonmuscle embryonic mesenchymal cell line C3H/
10T1/2, which behaves identically to FAPs in response to
TGF-b (Supplemental Fig. S1A) (40, 42).

To investigate the effects of TGF-b1 over YAP/TAZ in
FAPs, we first analyzed the expression of YAP/TAZ target
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Figure 1. Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) activity spatially accumulates in fibrotic environments
with high transforming growth factor type b (TGF-b) signaling and fibro/adipogenic progenitors (FAPs) accumulation. A: original images of dystrophic
[top; hematoxylin-eosin (H&E) staining] and injured (bottom; immunostaining) muscles used for spatial sequencing. Images reproduced with permission
fromMichael Stec (33). B and C: feature plot of fibrosis abundance (B) and plot of unsupervised clustering (C). D: violin plots representing YAP/TAZ, TGF-
b, and FAPs signatures levels in normal (gray violins) or damaged and fibrotic (red violins) spots. E and F: correlation analysis between YAP/TAZ, TGF-b,
and FAPs signatures levels in mdx (E) and injured (F) muscles.
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Figure 2. Fibrotic skeletal muscles induced by recombinant human transforming growth factor type b (TGF-b1) dissolved in glycerol (G þ Tb) injection
show augmented Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) activity in activated fibro/adipogenic progenitors
(FAPs). A: illustration of the conditions and temporality of the G þ Tb model. B: representative sections from muscles as in A stained with Sirius red for
collagen visualization. Right: quantification of Sirius red positive area. n ¼ 3 independent mice. C: representative Western blot for YAP/TAZ expression
from muscles as in A. Fibronectin was used as fibrotic control. Right: quantification of YAP/TAZ expression relative to GAPDH levels. n ¼ 4 independent
mice. D: RT-qPCR analysis showing expression levels of YAP/TAZ target genes from muscles as in A. n ¼ 3 independent mice. E: representative images
from muscles as in A showing fluorescence signals for fibronectin (red), nuclei of FAPs (enhanced green fluorescent protein, EGFP), and total nuclei
(gray). Increased intensity is used for better visualization of EGFP positive nuclei. F: quantification of the number of FAPs per field from images in E. n ¼
4 independent mice. G: single-cell quantification of the EGFP intensity in FAPs from images in E. n¼ 187 (Control) and 2,851 (G þ Tb) nuclei pooled from
four independent mice. H: representative images of muscles as in A showing fluorescence signals for YAP/TAZ (inverted grayscale), nuclei of FAPs
(EGFP; grayscale), and nuclei (grayscale). Red arrows indicate overlap between YAP/TAZ and EGFP signals. I and J: distribution of cells based on EGFP
intensity frommuscles as in A. Red line crossing x-axis indicate threshold for FAPs segmentation (activated< 0.5> resting). n¼ 3,167 total nuclei. J, left:
single-cell quantification of the YAP/TAZ intensity within resting (Rest.) and activated (Activ.) FAPs from images in H. n ¼ 352 (Rest.) and n ¼ 2,764
(Activ.) nuclei pooled from four independent mice. Right: average YAP/TAZ intensity from EGFP nuclei per each muscle. n¼ 4 independent mice.
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genes after TGF-b stimulation. All analyzed genes (Ankrd1,
Cyr61, Ctgf, and Tagln2) were markedly induced by TGF-b
and entirely blocked by the addition of the Tb-RI inhibitor
SB525334, which validated a direct canonical ligand action
(Fig. 3C). As YAP/TAZ were basally nuclear due to abundant
mechanotransduction in this classic culture setting (FAPs on
plastic dishes), activation of YAP/TAZ targets by TGF-b1 did
not associate with a further enrichment of nuclear-localized
YAP/TAZ (Fig. 3D). Nevertheless, TGF-b1 induced a robust

upregulation of TAZ, as early as 4 h in a Tb-RI-dependent
manner (Fig. 3, E and F). To demonstrate the contribution of
canonical TGF-b signaling through SMAD TFs in the activa-
tion of YAP/TAZ, we pretreated FAPs with SIS3, a specific in-
hibitor of SMAD3. Our results showed that SMAD inhibition
completely prevents the induction of TAZ (Fig. 3G) and the
target genes Ankrd1 and Ctgf (Fig. 3H). Identical results of
TAZ induction using SB525334 and SIS3 were found in C3H/
10T1/2 in response to TGF-b, validating the use of these cells
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Figure 3. Transforming growth factor type b (TGF-b) signaling activates Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif
(TAZ) in fibro/adipogenic progenitors (FAPs) through canonical SMAD3. A: illustration showing the preplating strategy for isolation of muscular FAPs (pla-
telet-derived growth factor receptor a, PDGFRa/TCF4 positive cells). B: fluorescence images showing nuclear enhanced green fluorescent protein
(EGFP) (EGFP:H2B) expression in isolated FAPs from the PDGFRaEGFP mouse. Hoechst was used to visualize all cells. C: RT-qPCR analysis showing
expression levels of YAP/TAZ target genes from FAPs treated with or without 5 ng/mL TGF-b (24 h) and in the presence or absence of the TGF-b recep-
tor I (Tb-RI) inhibitor SB525334. n ¼ 3–4 independent experiments. D: immunofluorescence images showing YAP/TAZ localization in FAPs treated with
or without 1 ng/mL TGF-b1 for 24 h. Right: quantification of nuclear/cytoplasmic ratio of YAP/TAZ signal intensity. n ¼ 85 (Control) and n ¼ 60 (TGF-b1)
cells pooled from two independent experiments. E: Western blot displaying YAP/TAZ expression in FAPs treated with 5 ng/mL TGF-b1 for the indicated
times. Right: quantification of YAP/TAZ expression relative to GAPDH levels. n¼ 3 independent experiments. Statistical comparison were to 0 h of TGF-
b1. F and G: Western blots showing YAP/TAZ levels in FAPs treated as in C in the presence or absence of SB525334 (F) or SIS3 (G). Bottom: quantifica-
tions of TAZ expression relative to GAPDH levels. n ¼ 3 independent experiments. H: RT-qPCR analyses showing mRNA levels of Ankrd1 and Ctgf in
FAPs treated as in G. n¼ 3 independent experiments.
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as a FAPs model system (Supplemental Fig. S1B). All our
findings support a molecular mechanism based on previous
literature that SMADs are transcriptional partners of YAP/
TAZ and act in concert to regulate the cellular responses of
fibroblasts, with such a mechanism working similarly in
FAPs (15–17, 19).

Moving in the same direction, we confirmed the connec-
tion between YAP/TAZ activation and the profibrotic na-
ture of FAPs by surveying a published single-cell RNA-seq
data set from muscles of WT, mdx, and mdxD2 mice (34)
(Supplemental Fig. S2A). Previous reports described that
profibrotic FAPs can be identified using omics technolo-
gies by the high expression of the cell surface molecules vas-
cular cell adhesion molecule 1 (Vcam1) and A disintegrin and
metalloprotease 12 (Adam12) (43, 44). Identification of FAPs
with high levels of both markers revealed enrichment of this
cell population in dystrophic muscles (Supplemental Fig.
S2B). Expectedly, high levels of both YAP/TAZ and TGF-b sig-
natures were found in Adam12 þ Vcam1 þ FAPs when com-
pared with the rest of FAPs (Supplemental Fig. S2, C and D).
Together, these experiments demonstrate the ability of TGF-b
to activate YAP/TAZ in muscular FAPs both in vitro and in
vivo.

Yap/TAZ Mechanotransduction Is Required for
TGF-b-Mediated Differentiation of FAPs

Several groups have described the remarkable ability of
TGF-b to induce the differentiation of fibroblasts from differ-
ent tissues and organs into myofibroblasts through the activa-
tion of YAP/TAZ. Our consideration of FAPs as essentially
multipotent fibroblast progenitors proposes that YAP/TAZ act
in a related manner to regulate its differentiation toward the
myofibroblasts phenotype, thus promoting fibrosis. We
expected that in any cellular context in which YAP/TAZ is
inactive, i.e., by interrupting its activity or affecting cellular
mechanotransduction, TGF-b could no longer induce FAPs
differentiation and consequently skeletal muscle fibrosis. To
test this prediction, we first inhibited YAP/TAZ activity using
the small-molecule inhibitor Verteporfin (30). Myofibroblasts
are characterized by increased cell tension coupled with the
induction of the smooth muscle cell-associated actin isoform
a-SMA (encoded by the Acta2 gene) and the profibrotic factor
(and YAP/TAZ target) CTGF (4, 5, 28). Figure 4A shows that,
in control conditions, all cells were already a-SMA positive,
but rarely in the form of stress fibers, the key trait of contrac-
tility that defines myofibroblasts (45). Expression of a-SMA
could be attributed as a process of auto “pre”-differentiation
in culture due to basal YAP/TAZ activity during the growth on
plastic (consistent with the protomyofibroblast phenotype)
(46). Nevertheless, TGF-b was able to promote myofibroblast
differentiation and the conversion of a-SMA into stress
fibers, an effect that was completely blocked by Verteporfin
(Fig. 4A). This structural feature was hand in hand with the
prevention of increased Acta2 and Ctgf mRNA levels
(Fig. 4B). However, even though Verteporfin inhibits YAP/
TAZ, it is known to have off-target effects (21, 47). Thus, we
complemented our findings by tackling YAP/TAZ in a dif-
ferent manner. Cellular responses to ECM mechanics such
as high extracellular stiffness, and consequently activation
of YAP/TAZ, are initiated through the sensing of such

physical properties by integrin receptors. Integrin binding
to the ECM subsequently activates downstream signaling
modules, including the focal adhesion complex and the
Rho-GTPase cascade, ultimately converging on actomyo-
sin tension (11). Since in our primary culture YAP/TAZ is
basally active in the nucleus (Fig. 3D), we decided to in-
hibit the integrin downstream signaling and consequently
the YAP/TAZ system through mechanotransduction by
treating cells with the Rho-GTPase inhibitor C3 exotrans-
ferase or by culturing them on top of polyacrylamide
(PAA) hydrogels of low stiffness (soft ECM). We validated
the effectiveness of C3 and soft ECMs in preventing the
accumulation of YAP/TAZ in the nucleus of C3H/10T1/2
cells (Fig. 4C). As expected, C3 treatment and soft ECM
(this last one to a greater extent) were able to prevent TGF-
b-mediated induction of Ankrd1, Ctgf, and Acta2 (Fig. 4D).
We replicated C3 treatment in FAPs and confirmed that
interruption of cytoskeleton tension decreases the TGF-
b-mediated levels of Ctgf and Acta2 (Fig. 4E). Finally, C3
also affected the induction of TAZ and the steady-state lev-
els of YAP (Fig. 4, F and G). Thus, our results confirm the
profibrotic role of YAP/TAZ as a nuclear effector of the
TGF-b profibrotic program in muscular FAPs.

Verteporfin Decreased the Extent of Skeletal Muscle
Fibrosis in Mouse

To test the in vivo relevance of YAP/TAZ activation in
FAPs, we switched to the inhibition of YAP/TAZ activity by
Verteporfin in our fibrotic mouse model induced by G þ Tb
(Fig. 2A). Verteporfin was administered to mice undergoing
G þ Tb injection every 2 days. We found that critical fibrotic
hallmarks, i.e., abundance of collagen and fibronectin, and
number of FAPs (EGFPþ ), were limited in mice who
received Verteporfin compared with vehicle-treated mice
(Fig. 5, B–D). Reduction of fibronectin expression in mice
treated with Verteporfin was also supported by Western blot
of total muscle lysates (Fig. 5E and Supplemental Fig. S3).
Finally, reduction of aSMA expression illustrates that verte-
porfin had interrupted the differentiation of FAPs into myo-
fibroblasts (Fig. 5E and Supplemental Fig. S3). Together,
these findings show the considerable role of YAP/TAZ in pro-
moting the muscular fibrotic process by acting as nuclear
effectors of TGF-b signaling.

DISCUSSION

Many reports have addressed the effective potential of
YAP/TAZ to induce fibroblasts to acquire a myofibroblast
phenotype in a process that affects the development and se-
verity of tissue fibrosis across organs (20–24, 48–50). Our
work provides a comprehensive description of the regulation
and functionality of YAP/TAZ as elemental nuclear factors
governing TGF-b responses in muscular fibroblasts, with an
unprecedented spatial and single-cell resolution that sheds
new light on the dynamics of this system during muscular
dystrophy.

Our analyses using spatial transcriptomics (Fig. 1) suggest
that the building of a complex degenerative niche of inflam-
matory cells, fibroblasts, and regenerative myofibers is the
potential root of increased YAP/TAZ activity. Within this
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context, TGF-b released from its primary cellular source, M2
macrophages, could be the starting point for YAP/TAZ acti-
vation, a cell-cell communication pair extensively described
in muscular dystrophies (51). However, since YAP/TAZ, and
concomitantly SMAD, activation is modulated by the physi-
cal properties of the cell environment, some questions arise
about this initial phase. Is the release of TGF-b from macro-
phages and its subsequent exploitation by FAPs sufficient to
begin a fibrotic response? And what role does themechanical
state of the muscle environment play in the very initial
stages of the disease? It is worth noting that most effects of
TGF-b can be experimentally muted by the inhibition of
mechanotransduction, such as the use of Rho-ROCK inhibi-
tors, soft matrices, or cell confinement (16, 21, 52–54). We
expect the standard stiffness of themuscle to be a permissive
starting point for the effective activation of TGF-b signaling
in terms of mechanics. This hypothesis is supported by
noticing that skeletal muscles exhibit a physiological stiff-
ness of around 12 kPa (55, 56), which is far above the biologi-
cal threshold for YAP/TAZ activation and saturation for

most cells tested in culture settings. Recently, another group
has demonstrated the nuclear localization of YAP in FAPs
seeded onto biomimetic substrates of 8 kPa of stiffness (57).
In vivo, we found that the majority of YAP/TAZ signal in a
healthy muscle comes from the nucleus of FAPs, although at
lower levels compared with fibrotic muscle (Fig. 4C), while
others have noticed its localization in the nucleus of myofib-
ers and interstitial cells (likely FAPs) (26). Also, other groups
demonstrated that the expression of a Hippo-resistant form of
YAP is sufficient to generatemuscular dystrophy traits without
any other insult (25, 26). This outcome is suggested to be possi-
ble only with adequate mechanotransduction since mechani-
cal regulation of YAP/TAZ is a Hippo-independent process (12).
All this evidence indicates that, in normal muscle, YAP/TAZ is
mechanically active but physiologically controlled and avail-
able for an eventual profibrotic corruption initiated by extrac-
ellular signals. Indeed, these observations rely on our current
technological approaches, with their limited resolution, to
determine the physical properties of tissues. This matter
becomes especially important when studying cells embedded

Figure 4. Inhibition of Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) affects transforming growth factor type b
(TGF-b) downstream responses in fibro/adipogenic progenitors (FAPs). A: representative immunofluorescence images showing a-SMA signal in FAPs
treated with or without 1 ng/mL TGF-b1 in the presence or absence of Verteporfin. Right: quantification of the percentage of cells showing stress fibers.
n ¼ 3 independent experiments. B: RT-qPCR analyses revealing mRNA levels for Ctgf and Acta2 in FAPs treated as in A. n ¼ 4 independent experi-
ments. C: immunofluorescence images showing YAP/TAZ localization in C3H/10T1/2 cells treated with or without C3 exotransferase (Rho GTPase inhibi-
tor) for 3 h or seeded on top of soft or stiff hydrogels for 24 h. Right: quantification of nuclear/cytoplasmic ratio of YAP/TAZ signal intensity. n ¼ 50 cells
in all conditions pooled from two independent experiments. D: RT-qPCR results showing mRNA levels for Ankrd1, Ctgf, and Acta2 in C3H/10T1/2 cells
treated with or without 1 ng/mL TGF-b1 for 6 h in the presence or absence of C3 or seeded on top of soft hydrogels. n ¼ 3 independent experiments.
E: RT-qPCR graphs showing mRNA levels of Ctgf and Acta2 in FAPs treated with or without 1 ng/mL TGF-b1 for 24 h in the presence or absence of C3.
n ¼ 3 independent experiments. F: Western blot exhibiting YAP/TAZ expression in FAPs treated as in E. n ¼ 2 independent experiments. G: RT-qPCR
result showing mRNA levels ofWwtr1 (TAZ) in C3H/10T1/2 cells treated as inD. n¼ 3 independent experiments.
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in such a complex architecture as the connective tissue of the
skeletal muscle, which has constant deformations and stretches
due to its natural function.

As initially identified and named, FAPs are characterized
by having stem cell properties such as multipotency (58).
Differentiation routes along the adipogenic, osteogenic, chon-
drogenic, fibrogenic, and even endothelial lineages have been

described in this population. Here, we found that along the
fibrogenic route of FAPs, there is a simultaneous increase in
TAZ expression (Fig. 4). This precise induction can raise spec-
ulations for a potential function of TAZ in governing FAPs cell
fate decisions. We previously showed the effective repression
of the master adipogenic TF PPARc in FAPs by TGF-b1 (40) in
a manner that prevents the adipogenic conversion of these

Figure 5. Skeletal muscle fibrosis is reduced in mice treated with Verteporfin. A: illustration indicating experimental setup for in vivo inhibition of Yes-
associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) with Verteporfin. IM, intramuscular; IP, intraperitoneal; D, day. B: repre-
sentative muscle sections showing collagen deposition by Sirius red staining. Right: quantification of area occupied by collagen per muscle section.
C and D: representative images of fluorescence signal for enhanced green fluorescent protein (EGFP; C) and fibronectin (D). Right: quantification of num-
ber of fibro/adipogenic progenitors (FAPs; C) and area covered by fibronectin (D) per muscle section. E: Western blot analysis of fibronectin and aSMA
expressions. Right: quantifications relative to GAPDH levels. n¼ 5 independent mice in all panels.
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cells. Interestingly, TAZ is a negative regulator of adipogene-
sis through PPARc repression (59–62). The same attribute has
been described for TEAD4 (63), although suggestively, to per-
form in a YAP/TAZ-independent manner. Recently, it has
been described that WNT7A signaling also represses the adi-
pogenesis of FAPs through a YAP/TAZ mechanotransduction
mechanism (59). Thus, it is plausible that besides TGF-b is
known to promotemyofibroblast differentiation by increasing
the expression of genes related to cell tension such as a-SMA,
a potential parallel mechanism of concomitant repression of
PPARc suggests TAZ as a truly molecular rheostat in deciding
the fibrogenic over the adipogenic route.

Our results also corroborate that YAP/TAZ activation by
TGF-b is mediated by the canonical SMAD pathway (Fig. 4).
This observation is supported by strong literature showing
the constant interaction between YAP/TAZ and SMADs
(15–19, 64). SMADs’ nucleocytoplasmic shuttling and tran-
scriptional function are predominantly governed by YAP/
TAZ localization and activation (15, 16, 21). This mode of
operation is associated with one of the most peculiar char-
acteristics of SMADs: their low binding affinity with DNA
on SMAD-binding elements (SBE) (9) and the requirement
of partner TFs to command its genome-wide association.
Indeed, gene expression programs induced by TGF-b are
mainly directed by the occupancy of SMADs at the same
genomic loci of cell type-specific master TFs such as
Myod1 in myogenic cells (65). In the case of myofibro-
blasts, SMAD binding could be headed by classic TFs inter-
acting with YAP/TAZ, such as TEADs, and by so doing,
coordinating myofibroblast-specific gene expression pro-
grams associated with fibrosis. Although no consensus
sequence for SBE has been observed in ChIP-seq experi-
ments using YAP/TAZ antibodies, no data has been gener-
ated in TGF-b-treated cells (66). Therefore, whether YAP/
TAZ-TEAD or YAP/TAZ interaction with other TFs controls
the genomic sites of SMADs binding requires further
study.

In the context of YAP/TAZ protein regulation, our work
identified TGF-b as a potent inducer of TAZ expression
(Fig. 3). Although this response has been observed previ-
ously, different and sometimes conflicting mechanisms
have been proposed. For instance, one study suggests that a
SMAD-independent pathway, involving the myocardin-
related transcription factor (MRTF), drives TAZ expression
(67). MRTF, a transcription factor within the serum-response
factor pathway, is tightly regulated by its nuclear exclusion
through interactions with monomeric G-actin, acting as a
mechanotransducer. This mechanism aligns with our data
showing no induction of TAZ in the presence of C3 (an indi-
rect inhibitor of actin polymerization) (Fig. 4, F and G).
Conversely, another study reports a SMAD-dependentmech-
anism in cancer cells (68), which supports our findings using
muscular FAPs and C3H/10T1/2 cells (Fig. 3, F and G and
Supplemental Fig. S2B). This contrasts with the results of
Miranda et al. (67), where neither SMAD3 silencing nor SIS3
treatment inhibited TAZ induction in C3H/10T1/2 cells.
Given that TAZ contains SBE in its promoter sequence (68),
such discrepancies could potentially be attributed to differ-
ences in the fetal bovine serum used during cell culture,
which might influence an unidentified molecular determi-
nant critical for SMAD activity.

The transcriptional regulation overlap between YAP/TAZ
and SMAD becomes evident by the induction of identical tar-
get genes. Indeed, some of these genes directly mediate the
biological downstream effects of YAP/TAZ, as is the case of
CTGF (69). CTGF is a member of the secreted extracellular
CCN family of proteins intimately associated with the cell
matrisome. In vivo, CTGF overexpression or blockade can
trigger muscular fibrosis in a healthy mouse or prevent mus-
cular fibrosis in a dystrophic mouse (31, 70, 71). Hence, it is
highly suggestive to consider the excessive deposition of
CTGF as the final product of TGF-b-YAP/TAZ association
during themuscular fibrotic response.

An evident limitation of our study is the animal model
used to induce fibrosis. Glycerol is an important signaling
molecule in muscle cells, especially related to growth factor
signaling and energy metabolism (72). Our study lacks how
much glycerol affects the outcome of TGF-b in the muscular
environment. However, what it is true is that, together, both
molecules exert an enormous fibrotic environment suitable
to recapitulate the traits of a dystrophic muscle and there-
fore to assess YAP/TAZ activity (39). Certainly, the use of a
mouse model of muscular dystrophy (e.g., knockouts of dys-
trophin, dystro/sarcoglycans, Lama2 or Col6) would be more
translatable for muscle pathophysiology.

Overall, our work provides substantial evidence on the
role of YAP/TAZ in the development of muscle degeneration
associated and high TGF-b signaling activation, paving the
way toward the consideration of these nuclear factors as fun-
damental in the fibrogenic process. It also encourages fur-
ther investigation in animal models using mouse genetics or
effective drugs, with high and minimal on- and off-target
effects, as promising therapies (73).
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