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Abstract
Fibro/Adipogenic Progenitors (FAPs) are muscle-interstitial progenitors mediating pro-myogenic signals that are critical for
muscle homeostasis and regeneration. In myopathies, the autocrine/paracrine constraints controlling FAP adipogenesis are
released causing fat infiltrates. Here, by combining pharmacological screening, high-dimensional mass cytometry and in
silico network modeling with the integration of single-cell/bulk RNA sequencing data, we highlighted the canonical WNT/
GSK/β-catenin signaling as a crucial pathway modulating FAP adipogenesis triggered by insulin signaling. Consistently,
pharmacological blockade of GSK3, by the LY2090314 inhibitor, stabilizes β-catenin and represses PPARγ expression
abrogating FAP adipogenesis ex vivo while limiting fatty degeneration in vivo. Furthermore, GSK3 inhibition improves the
FAP pro-myogenic role by efficiently stimulating, via follistatin secretion, muscle satellite cell (MuSC) differentiation into
mature myotubes. Combining, publicly available single-cell RNAseq datasets, we characterize FAPs as the main source of
WNT ligands inferring their potential in mediating autocrine/paracrine responses in the muscle niche. Lastly, we identify
WNT5a, whose expression is impaired in dystrophic FAPs, as a crucial WNT ligand able to restrain the detrimental
adipogenic differentiation drift of these cells through the positive modulation of the β-catenin signaling.

Introduction

A limited injury of the adult skeletal muscle triggers a self-
repair program orchestrated by a regenerative process
involving multiple cell types that cooperate to restore and
preserve muscle homeostasis [1–17]. However, the regen-
eration machinery dithers in aging individuals [18, 19] and
fails in patients affected by muscle-related disorders such as
myopathies [20]. Fibro/adipogenic progenitors (FAPs) are
interstitial progenitors of mesenchymal origin [21] that
contribute to muscle homeostasis [17] and regeneration by
transiently supporting the activation and differentiation of
muscle satellite cells (MuSCs) [7, 13, 16, 17, 22]. Aside
from their supporting activity in muscle regeneration, FAPs
have the potential to differentiate into adipocytes and
myofibroblasts that, in the diseased tissue, fill the muscle
interstitium [23, 24]. Embryonic pathways, such as
Hedgehog and Notch, have been recently implicated in
controlling FAP differentiation and the dysregulation of
their signaling cascade, in dystrophic models, is suggested
to account for the deviation from FAP physiological role
[25, 26]. Wingless-related integration site (WNT) signaling
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also plays a pivotal role in adult muscle regeneration by
influencing MuSC stemness, self-renewal, proliferation and
differentiation [27–30]. The potential role played by WNT
proteins in modulating FAP activation and/or differentiation
has not been investigated yet. Here we show that the Gly-
cogen Synthase Kinase 3 (GSK3), a crucial hub of the WNT
signaling, controls FAP adipogenesis. Specifically, GSK3
blockade fully abrogates FAP adipogenesis ex vivo while
limiting the intramuscular fat infiltrations that accompany
muscle damage upon glycerol injection in vivo. By using
single-cell mass cytometry, we observed that CTNNB1
(β-catenin) downregulation marks FAPs undergoing adi-
pogenesis. We also observed that FAPs express high levels
of WNT5a and that this expression is impaired in FAPs
isolated from dystrophic mice, suggesting that an altered
autocrine circuit may contribute to the adipogenic drift of
FAPs in dystrophic muscles. In summary, our study
uncovers the WNT/GSK3/β-catenin axis as a new and
previously unexplored pathway contributing to control FAP
adipogenesis and muscle fatty degeneration. Modulating the
WNT pathway, either by targeting GSK3 or by restoring
autocrine WNT5a signaling in FAPs, is a promising strategy
to counteract intramuscular fat infiltrations in myopathies.

Materials and methods

Mouse models

C57BL/6J (RRID:IMSR JAX:000664) and C57BL/10ScSn-
Dmdmdx/J mice (RRID:IMSR_JAX:001801) (hereafter
referred to as wt and mdx, respectively) were purchased
from the Jackson Laboratories. In our study, sexes were
equally balanced between genotypes. Young (45-day-old),
adult (3.5 month) wt and young (45-day-old), old (18-
month-old) mdx mice were employed in this work. Mice
were bred and maintained according to the standard facility
procedures. All experimental studies were conducted
according to the rules of good animal experimentation I.A.
C.U.C. n̊ 432 of March 12 2006 and under ethical approval
released on 11-12-2012 from Italian Ministry of Health,
protocol #20/01-D.

Murine primary cells

FAPs and MuSCs were isolated from the hind limbs of
male and female wt and mdx mice. Cell culture procedure
were performed as described previously [31]. Briefly,
freshly sorted FAPs were resuspended in FAP-GM con-
sisting of DMEM GlutaMAX® (25 mM Glc) supplemented
with 20% FBS, 10 mM Hepes, 1 mM sodium pyruvate,
and 100 U/ml P/S. Freshly purified MuSCs were resus-
pended in growth medium (MuSCs-GM) consisting of

DMEM GlutaMAX® (25 mM Glc) supplemented with
20% FBS, 10% donor horse serum, 2% chicken embryo
extract, 10 mM Hepes, 1 mM sodium pyruvate, and 100
U/ml P/S.

Isolation of murine primary cells from skeletal
muscles using MACS technology

FAPs and MuSCs from wt, mdx and CTX-injured mice
were isolated through magnetic-activated cell sorting
(MACS, Miltenyi) according to [31]. Mice were sacrificed
through cervical dislocation and the hind limbs were
washed with 70% ethanol. The skin was removed and the
limbs were ablated and placed in ice-cold Hank’s
Balanced Salt Solution (HBSS, Gibco) supplemented with
100 U/ml penicillin/streptomycin (P/S, Roche) and 0.2%
bovine serum albumin (BSA, AppliChem). After
mechanical dissociation under sterile hood, the tissue was
washed with HBSS and centrifuged at 700 × g for 10 min
at 4 °C. The minced tissue was weighted and resuspended
in enzymatic mix, in proportion (4 ml/g), consisting of 2
mg/ml collagenase A, 2.4 U/ml dispase II, and 10 µg/ml
DNase I (Roche) in Dulbecco’s Phosphate Buffered Sal-
ine (DPBS, BioWest) w/calcium and magnesium. Tissue
preparations were incubated in water bath at 40 °C (not in
immersion), under gentle shaking for 1 h (vortexing after
30 min). After digestion, the suspension was diluted with
two volumes of HBSS and filtered through 100 µm cell
strainers (Corning) and then centrifuged at 700 × g for 10
min at 4 °C. Pellets were resuspended in 10 ml of HBSS
and filtered through 70 µm cell strainers. After separation,
red blood cells were lysed in RBC Lysis Buffer (Santa
Cruz) for 150 s in ice and then diluted in HBSS and fil-
tered through 40 µm cell strainers. Note that cell strainers
were activated and washed with 5 ml HBSS. For MACS,
pellets were resuspended in 500 μl of magnetic beads
buffer consisting of 0.5% BSA, 2 mM EDTA in 1× PBS.
Cell suspensions were filtered through a 30 µm pre-
separation filter (Miltenyi) and the mononuclear cells
were counted and centrifuged at 700 × g for 10 min at
4 °C. The cell suspension was selected with magnetic
bead-conjugated antibodies according to manufacturer’s
instructions. Lin− cells were selected for CD31 and
CD45. Anti-α7-integrin antibody was used to separate
satellite cells while FAPs were obtained with positive
selection with anti-Sca1 (non-HSC) antibody.

FAP culture, differentiation, and treatment

FAPs were cultured in growth medium (GM) and plated at
the cell density of 1.5 × 104 cell/cm2. For in vitro expansion,
200,000 cells were plated in 100 mm diameter dishes in
Cytogrow (Resnova, catalog TGM-9001-B) and cultured
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for 4 days (P0). Cells were detached (P1) and used for
specific experiments.

Adipogenic differentiation was carried out incubating
cells in adipocyte differentiation medium (ADM) consisting
of GM supplemented with 1 µg/ml insulin, 0.5 mM 3-iso-
butyl-1-methylxanthine, and 1 µM Dexamethasone for
3 days. Adipocyte maturation was achieved with additional
incubation (2 days) in adipocyte maintenance medium
(AMM) consisting of GM supplemented with 1 µg/ml
insulin.

For fibrogenic differentiation, cells were plated at the cell
density of 0.75 × 104 cell/cm2 and, after a period of attach-
ment (2 days), were incubated with 5 ng/ml TGF-beta 1
(PeproTech, catalog 100-21) for 3 days in DMEM supple-
mented with 2% horse serum.

For pharmacological and cytokine treatments,
LY2090314 (Selleckchem, catalog S7063), MG132 (Sell-
eckchem, catalog S2619), and PNU-74654 (Selleckchem,
catalog S8429) were reconstituted in DMSO according to
manufacturer’s instructions. Recombinant mouse
Wnt10b (R&D System, catalog 2110-WN) and Recombi-
nant human/mouse WNT5a (R&D System, catalog 645-
WN-010) were reconstituted in sterile PBS 1× according to
manufacturer’s recommendations. Culture media and con-
centrations are specified in “Results” and “Figure legends”.

MuSC culture, differentiation, and treatment

To reduce fibroblasts contamination, freshly sorted wt and
mdx MuSCs were pre-plated for 2 h in pre-warmed MuSCs-
GM. Pre-plated MuSCs were seeded in MuSC-GM at the
cell density of 1.5 × 104 cells/cm2 in Matrigel-coated 96-
well plates. After 3 days, MuSC-GM was fully refreshed
and cells cultured in the presence of LY2090314 or vehicle
for 3 additional days, allowing spontaneous myotube
formation.

Kinase inhibitor screening

The Published Kinase Inhibitor Set (PKIS) was obtained
from Structural Genomics Consortium and detailed infor-
mation regarding chemical structures, kinase inhibition
potency and kinase specificity can be found at ChEMBL
(http://chembl.blogspot.co.uk/2013/05/pkis-data-in-chembl.
html). To screen the PKIS, mdx FAPs were seeded on 384-
well plate at the density of 1500 cells/well. Twenty-four
hours after seeding cells were treated with the PKIS com-
pounds at 1 and 0.1 μM for 6 additional days. DMSO
and Trichostatin A (TSA) have been used as negative
and positive controls, respectively. Compounds were
transferred from a 10 mM DMSO stock solution to assay
plates by acoustic droplet ejection (ATS-100, EDC
biosystems, USA).

Cardiotoxin and glycerol muscle injury experiments

For muscle injury experiments, mice were first anesthetized
with an intramuscular injection of saline solution containing
ketamine (5 mg/ml) and xylazine (1 mg/ml). For cardiotoxin
muscle injury, 20 µl of 10 µM cardiotoxin solution was
administered into tibialis anterior (TA), quadriceps, and
gastrocnemius muscles. Three days after injury FAPs were
purified from limb muscles. For glycerol muscle injury 50
µl of 50% v/v of hypertonic solution of glycerol was
administered intramuscularly into TA, quadriceps, and
gastrocnemius muscles. The contralateral limb was equally
injected with saline solution as control. Mice were ran-
domly allocated in each experimental group without any
type of blinding.

In vivo administration of LY2090314

LY2090314 (Selleckchem, catalog S7063) was dissolved in
DMSO at 100 mM at the concentration of 0.0512 mg/μl.
Three days after glycerol injury, 25 mg/Kg of LY2090314
were resuspended in corn oil (5% LY2090314/95% corn
oil) and administered interperitoneally for 3 consecutive
days. Control mice were treated with vehicle (5% DMSO/
95% corn oil). Mice were randomly allocated in each
experimental group without any type of blinding.

Flow cytometry

CD45−/CD31−/a7-integrin− and Sca1+ FAPs were routi-
nely assessed for the expression of platelet-derived growth
factor receptor-a (PDGFRa) used as a distinctive FAP
marker. Immunophenotype characterization was performed
by incubating 4.0 × 105 cells/ml for 30 min with antibodies
against CD140a (PDGFRa-APC, eBioscience), diluted 1:50
in Flow Cytometry (FC) buffer (1% BSA in PBS 1×). Live/
death cells were discriminated using propidium iodide
(viability dye). For each sample 10,000 events were
acquired using BD FACSCALIBUR (BD Biosciences).

Single-cell mass cytometry

For single-cell profiling via CyTOF2, amplified FAPs, from
three independent mice, were maintained in FAP-GM or
induced to differentiate into adipocytes by incubating cells
with ADM. After 72 h, cells were detached using trypsin
and 2.0 × 106 cells, for each condition, were employed for
downstream procedures. Dead cells were stained incubating
with Cell-ID Cisplatin-194Pt (Fluidigm) at final con-
centration of 1 μM. The samples from the three independent
replicates were barcoded incubating with the appropriate
combination of palladium isotopes from the Cell-ID™ 20-
Plex Pd Barcoding Kit (Fluidigm, Catalog #201060) at the
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final concentration of 5 μM. The staining was quenched by
adding Maxpar cell staining buffer (Fluidigm). Labeling
with lanthanides-conjugated antibodies against surface and
intracellular antigens was performed in a single tube
according to the manufacturer’s instructions. The full list of
antibodies is provided as Supplementary Table S2. After
cell labelling, samples were incubated for 1 h at RT with
Cell-ID™ Intercalator-Ir (Fluidigm) diluted at the final
concentration of 125 nM in Maxpar Fix and Perm Buffer
(Fluidigm). Cells were resuspended at the final concentra-
tion of 2.5 × 105 cells per ml and filtered with a 30 μm cell
strainer cap into 5 ml polystyrene tubes. Single-cell data
were acquired using mass cytometry platform CyTOF2. The
instrument was tuned and mass calibrated according to
manufacturer’s instructions. Samples were acquired at a rate
of <400 events/s. Data were then converted to .fcs file and
normalized using the manufacturer’s settings.

Analysis of single-cell mass cytometry data

After data acquisition, the normalized .fsc file with single-
cell data were debarcoded with the Debarcoder Software
(Fluidigm). The debarcoded.fcs files were then uploaded to
the Cytobank server (Cytobank, Inc.) for data processing.
Cells were initially manually gated from debris basing on
the DNA content identified through Iridium (Ir) intercalator.
Doublets were then excluded according to the event length
parameter and single live cells were finally manually gated
out by using Cisplatin (Pt) intercalator signal. t-distributed
stochastic neighbor embedding (t-SNE) analysis was per-
formed on gated live single cells launching the viSNE
implementation on Cytobank.org [32] on the populations of
interest identified through the following surface markers
chosen for clustering cells: SCA1, CD140a, CD140b,
CD146, CD90.2, CD34. At least 20,000 live single cells
were analyzed for each sample.

Analysis of single-cell RNAseq datasets

Droplet-based single-cell 3′-end transcriptomics data of
limb muscle mononuclear cells were retrieved from Tabula
Muris Consortium [33] and from the recently published
work of Giordani et al. [34]. In both experiments, mice had
comparable ages (ranging from 10 to 15 weeks) allowing
dataset integration. Data were processed using Seurat
R package [35, 36], merged, and the expression values
transformed to logarithmic scale. Features (2000 genes per
dataset) exhibiting high cell-to-cell variation have been
considered for downstream analyses and a linear transfor-
mation (z-score) has been applied. Principal component
analysis indicated the minimum number of useful dimen-
sions for the downstream analyses. The first nine compo-
nents have been considered. For cell cluster identification,

spatial resolution was set at 0.1 and the t-SNE algorithm
applied to visualize cell clusters. t-SNE maps have been
computed with Rtsne package [37]. For each cell cluster,
cell ontology classes were identified on the basis of the
biomarker information collected in the Myo-REG database
[38] coupled with the biomarkers provided by Giordani
et al. [34].

Analysis of bulk RNAseq datasets

For bulk RNAseq analysis, Marinkovic et al. [26] and
Malecova et al. [39] datasets have been used and indepen-
dently analyzed before any comparison between them. Data
have been processed from htseq counts using DESeq2
package [40]. For Marinkovic dataset, three replicates from
the two conditions (mdx and wild type) have been used. For
Malecova dataset, the two available replicates for the two
conditions (mdx and wild type) have been used. For both
datasets, Ensemble gene identifiers have been mapped on
M. musculus gene symbols. Statistical significance thresh-
old for differentially expressed genes was set with an
adjusted p value < 0.05 (false discovery rate correction for
multiple comparisons).

Histological analysis

TA muscles were dissected and embedded in optimal cut-
ting temperature medium and snap-frozen in liquid nitrogen
for 10 s. Embedded muscles were stored at −80 °C prior to
cryo-sectioning. Muscles were transversally cryo-sectioned
(10 μm thickness slices) using a Leica cryostat. Sections
were collected sequentially on different Superfrost glass
slides (Thermo Fisher Scientific), thus adjacent sections
were separated at least 100 μm from each other. Cryosec-
tions were performed for the entire length of the muscles.
For the hematoxylin and eosin stain (H&E), sections were
fixed in 2% paraformaldehyde (PFA) for 10 min at RT.
After washing twice with 1× PBS, sections were incubated
in hematoxylin solution for 20 min. The slides were washed
for 10 min with gently running tap water and then rinsed in
dd-H2O. Eosin staining was carried out for 1 h. Sections
were ethanol-dehydrated (one wash in 90% followed by
three washes in 100%), clarified with the Histo-Clear
solution, and covered with coverslips using Eukitt mounting
medium.

Immunoblot analysis

Cells were harvested removing culture medium and wash-
ing with PBS 1×. Cells were lysed in ice-cold Radio
Immuno-Precipitation Assay lysis buffer (150 mM NaCl,
50 mM Tris-HCl pH 7.5, 1% Nonidet P-40, 1 mM EGTA,
5 mM MgCl2, 0.1% SDS) supplemented with 1 mM PMSF,
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1 mM orthovanadate, 1 mM NaF, protease inhibitor mixture
1×, inhibitor phosphatase mixture II 1×, and inhibitor
phosphatase mixture III 1×. The insoluble material was
separated at 15,500 × g for 30 min at 4 °C and total protein
concentration was assayed on supernatants using Bradford
reagent. Protein denaturation was performed with
NuPAGE® LDS Sample Buffer supplemented with
NuPAGE® Sample Reducing Agent, by heating at 95 °C for
10 min. SDS-PAGE and transfer were performed on 4–15%
Bio-Rad Mini PROTEAN® TGX™/CRITERION® and
Trans-Blot® Turbo™ mini or midi nitrocellulose membranes
using a Trans-Blot® Turbo™ transfer System (Bio-Rad),
respectively. Nonspecific binding sites were blocked using
5% nonfat dried milk in TBS-0.1% Tween-20 (TBS-T) for
1 h at RT under shaking. Primary antibodies were diluted
according to manufacturer’s instruction and incubated
overnight at 4 °C under shaking. HRP-conjugated second-
ary antibodies were diluted 1:3000 in 5% nonfat dried milk
in TBS-T and incubated for 1 h at RT under shaking.
Immunolabeling was detected with Clarity™ Western ECL
Blotting Substrates (Bio-Rad) using the Las-3000 imaging
system (Fujifilm). Densitometric quantitation of bands was
performed with Fiji (Image J, NIH). The full list and catalog
numbers of primary and secondary antibodies is provided in
Supplementary Table S6.

Real-time PCR

Total RNA extraction was performed with TRIzol® reagent
according to manufacturer’s instruction with minimal
adaptation. Precipitation was carried out adding 10 μg of
glycogen to the aqueous phase and incubating samples at
−20 °C, overnight. RNA concentration was assessed using
NanoDrop Lite Spectrophotometer (Thermo Fisher Scien-
tific). Samples were diluted using nuclease-free water to
25–100 ng/μl, according to the need and reverse-transcribed
into cDNA with PrimeScript™ RT Reagent Kit (Takara) on
500–1000 ng. cDNA was diluted to 25 ng/μl with Easy-
Dilution Reagent provided by the RT Reagent Kit. Real-
Time PCR was performed on 50 ng of cDNA (2 μl) using
SYBR Premix Ex Taq (Tli RNaseH Plus) (Takara) to a final
volume of 20 μl. Relative expression was estimated by
2−ΔCt as described while different runs were compared by
the 2−Δ ΔCt method [41].

Viability assay

Freshly isolated FAPs were seeded at the cell density of
1.5 × 104 cells/cm2 in 96-well plates. After 2 days FAPs
were incubated in FAP-GM with increasing doses of
LY2090314 (ranging from 1 to 100 nM) for 48 h. Cell
viability was evaluated with CellTiter-Glo Luminescent
Viability Assay (Promega) according to manufacturer’s

instructions. Briefly, CellTiter-Glo reagent was added at a
ratio of 1:1 to cell culture medium and mixed for 2 min on
an orbital shaker. Samples were transferred to a black-
walled 96-well plate and luminescence was recorded
through Victor Multilabel plate reader (PerkinElmer).
Background consisted of FAP-GM incubated in the absence
of FAPs and processed as described above. Data are pre-
sented as relative luminescence units.

Oil Red O (ORO) staining for lipid droplets

ORO stock solution (3.5 mg/ml in 2-propanol) were diluted
3:2 (ORO:ddH2O) and filtered twice through 0.22 μm syr-
inge filter. Culture media were removed and cells were fixed
with 2% PFA solution in PBS 1× for 20 min at room
temperature (RT). After fixation, cells were washed twice
with PBS 1× and permeabilized with 0.5% Triton X-100 for
5 min. After washing twice with PBS 1×, cells were incu-
bated with ORO-diluted solution for 10 min at RT, in dark
and under gentle shaking. Cells were washed 4 times with
PBS 1× (5 min each wash) and counterstained with Hoechst
33342 (2 μg/ml) for 5 min at RT. After washing, sample
were maintained in PBS 1× supplemented with 0.002%
sodium azide and stored at 4 °C until acquisition via
fluorescence microscopy.

Immunofluorescence

Cells and sections were fixed in 2% PFA for 10 min at RT.
For immunocytochemistry, fixed cells were washed twice in
PBS 1× and permeabilized with 0.5% Triton X-100 in PBS
1× for 5 min. Blocking of unspecific binding sites consisted
in 10% FBS, 0.1% Triton X-100 in PBS 1× for 1 h. Primary
antibodies were diluted in blocking solution and incubated
overnight at 4 °C. After washing four times with 0.1%
Triton X-100 in PBS 1×, host-specific secondary antibodies
were diluted in blocking solution, and incubated for 30 min
at RT. Primary and secondary antibodies were diluted
according to the manufacturer’s recommendations. Finally,
cells were washed four times with 0.1% Triton X-100 in
PBS 1× and counterstained with Hoechst solution (2 μg/ml
Hoechst 33342, 0.1% Triton X-100 in 1× PBS) for 5
min at RT.

For Perilipin, PPARγ, PDGFRa and Laminin muscle
section immunofluorescence, fixed sections were washed
twice in PBS 1× and permeabilized with 0.3% Triton X-100
in PBS 1× for 30 min at RT. Blocking was performed using
10% Goat Serum, 1% Glycine, 0.1% Triton X-100 in 1×
PBS for 1 h at RT. Anti-Perilipin, PPARγ, PDGFRa and
Laminin primary antibodies were diluted 1:400 in blocking
solution and incubated overnight at 4 °C. Slices were
washed four times with 0.1% Triton X-100 in 1× PBS and
incubated for 30′ at RT with host-specific secondary
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antibodies and/or with Alexa Fluor™ 488 Phalloidin.
Nuclei were revealed by incubating samples for 10 min with
Hoechst solution. Sections were washed twice in PBS 1×
and mounted with Aqua Poly/Mount (Polysciences)
mounting medium. The full list and catalog numbers of
primary and secondary antibodies is provided in Supple-
mentary Table S6.

Boolean network analysis

The Boolean networks describing Wnt and Insulin signaling
pathways have been merged and automatically retrieved
from Myo-REG [38]. This produced a network (N; E) in
which the nodes N are the biological entities and the edges
E are the activations (E+) and inhibitions (E−). Activation
states of each node are represented by a discrete variable
(0 for non-active nodes, 1 for active nodes).

To each node nk ∈ N a Boolean function Fk is associated,
specifying how the value of that node can change depend-
ing on the incoming interactions (activation state of source
nodes). Boolean Functions are reported in Supplementary
Table S4. The synchronous or asynchronous updating
schemes of the functions F1, …, Fn, at each discrete time
step makes the network evolve from one state to another.
When a successor state leads the network to a state has been
already reached before, the network reaches an attractor,
which can be a single state (steady state) or a cycle between
two or more states.

The R package BoolNet has been applied to assess the
network robustness, to analyze the network dynamics, and
to generate the attractors associated to specific cell pheno-
types [42]. Robustness analysis has been performed by
comparing the percentage of identical attractors of the naïve
network against 100 randomly generated networks. Pertur-
bations (bitflip) ranging from 1 to 100 has been applied in
each network-to-network comparison. The code is available
in GitHub at the following link (https://github.com/Alessa
ndro-Palma/wnt).

Network analysis

Differentially expressed Wnt genes between mdx and wild-
type FAPs were extracted from two recently published
datasets of bulk RNAseq FAP preparations [26, 39]. In both
experiments, FAPs were purified from rodents of compar-
able ages (young wild-type and mdx mice) allowing dataset
integration. Wnt-related genes have been retrieved by
UniProt, using the keyword “Wnt signaling pathway”.
MEST and Sox6 have been added to the list of Wnt
pathway-related genes. The signaling network has been
created by using the casual interactions collected in
SIGNOR [43]. FAP Wnt signaling pathway was retrieved
from Myo-REG to complete the signaling network. The

resulting table of interactions has been transformed into a
graph with Cytoscape [44]. Node sizes have been mapped
on the adjusted p value from the two datasets, while their
color has been mapped according to the log2 fold change in
the comparisons between mdx and wild-type FAPs.

Image acquisition

Images of immunolabeled cells and section were acquired
using the automated florescence microscope DMI6000B
(Leica). A total of nine images per well were captured using
the “matrix screener” mode. Images were nonoverlapping
and homogenously distributed across the well surface.
Alternatively, for high-resolution images of sections and β-
catenin dots, micrographs were captured using the confocal
microscope Olympus IX-81 at 20× and 60× magnitude.
H&E sections were captured in brightfield microscopy
using Zeiss Lab A1 AX10 microscope at the 20× magnifi-
cation. Micrograph stitching to obtain a whole section
image was performed using the “Stitching” plug-in in Fiji.

Image analysis

Intramuscular fat infiltrates were evaluated by measuring
the extent of Perilipin-positive area using Fiji. The follow-
ing setting were used: split channels, subtract background,
threshold (50, 255), measure area. β-catenin immunor-
eactivity from confocal microscopy images was assessed
using the same modalities.

Micrographs from the kinase inhibitor screening were
analyzed in unbiased fashion by evaluating the FAP adi-
pogenesis and fibrogenesis. Adipogenic and fibrogenic
index were evaluated in unbiased fashion by measuring the
extent of ORO-positive area and αSMA-positive area (in
pixels) for each micrograph. Results are reported in
Table S1. Fibrogenic differentiation of FAPs was estimated
in unbiased fashion using CellProfiler [45] through a dedi-
cated pipeline that recognizes, for each captured field,
the αSMA-positive area (expressed in pixels). The
modules of the pipeline were routinely adjusted in agree-
ment with the image magnifications. The average αSMA-
positive area was normalized over the average number of
cells per field.

Adipogenic differentiation was estimated in unbiased
fashion using CellProfiler through a dedicated pipeline that
recognizes, for each captured field, the ORO-positive area
(expressed in pixels). The modules of the pipeline were
routinely adjusted in agreement with the image magnifica-
tions. The average ORO-positive area was normalized over
the average number of cells per field. Alternatively, adi-
pogenic differentiation of FAPs was estimated by counting
the number of FAP-derived adipocytes or PPARγ-positive
FAPs over the total cells in each field. Positive objects were
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manually scored using Fiji by two independent
collaborators.

Statistical analysis

Data are represented as mean ± SEM of at least three
independent experimental samples (n= 3) unless otherwise
mentioned. In addition, in cell studies, for each biological
triplicate we performed at least technical duplicates to
control experimental errors. Statistical significance between
two groups was estimated using the unpaired Student’s t test
assuming a two-tailed distribution. Comparisons between
three or more groups were performed using one-way or
two-way ANOVA without correction for multiple compar-
isons and assuming a two-tailed distribution. The statistical
significance is defined as p value where *p < 0.05; **p <
0.01; ***p < 0.001. All statistical analyses were performed
using Prism 7 (GraphPad).

Results

GSK3 inhibitors impair FAP adipogenesis ex vivo

To identify crucial hubs affecting FAP adipogenesis, we
applied a fluorescence microscopy-based screening [46] of a
small molecule library targeting the mouse kinome. FAPs
were purified as CD45−/CD31−/ITGA7−/SCA1+ from the
hind limbs of mdx mice and cultured in pro-adipogenic
condition (1 μg/ml insulin) for 7 days [31, 47] (Fig. 1a).
Freshly isolated (P0) SCA1+ FAPs co-express CD140α
(Platelet-Derived Growth Factor Receptor α [PDGFRα])
(Fig. S1a, c), as reported by others [7, 16, 17, 48]. The
expression of PDGFRα remained unchanged upon 4 days of
in vitro expansion (P1), confirming the purity and stability
of FAP preparations (Fig. S1b–d). Kinase inhibitors (KIs)
from the PKIS library, were added 24 h after plating at two
concentrations (0.1 and 1 μM) (Fig. 1a). FAP adipogenesis
was assessed by ORO staining. Treated samples were also
immunostained with anti-α-Smooth Muscle Actin (α-SMA)
antibody to reveal FAP-derived myofibroblasts (Fig. 1a).
Compounds were classified (see “Material and methods” for
details) as noncytotoxic (79.37%) or cytotoxic/cytostatic
(20.63%) at these concentrations (Fig. 1b and Table S1).
Among the noncytotoxic molecules, we focused on those
affecting FAP differentiation, either positively or negatively
(Table S1). Specifically, the drugs were defined as active
only when the adipogenic/fibrogenic index was higher
(induction) or lower (inhibition) than that observed in the
negative control (DMSO). We arbitrarily chose an inhibi-
tion or induction by more than 50% to define a drug as a hit.
This strategy allowed the identification of 79 KIs that were
able to interfere with FAP differentiation trajectories

(Fig. 1c and Table S1). To single out compounds specifi-
cally interfering with adipogenesis, we filtered the hit list to
remove drugs that, in addition to inhibiting FAP adipo-
genesis, had the side effect of promoting FAP fibrogenesis
(14 compounds) (Fig. 1c and Table S1). Next, we focused
on the 15 compounds that selectively impaired adipogenesis
(Fig. 1d and Table S1). This list of dose-dependent anti-
adipogenic drugs (Fig. 1d, e) was found to be enriched in
molecules targeting the kinase GSK3 and, to a lesser extent,
Mitogen-Activated Protein Kinase 14 (MAPK14, p38).
Among the GSK3-targeting molecules, in addition to their
anti-adipogenic effect (Fig. 1e), GW784307A and
GW784752X also impaired the spontaneous differentiation
of FAPs into myofibroblasts when tested at 1 μM (Fig. 1f).
In our experimental setup adipogenesis is induced by
insulin. Consistently, we observed that a couple of inhibi-
tors targeting the Insulin-like Growth Factor 1 Receptor also
inhibited adipogenesis (Fig. 1d and Table S1). Overall, the
results summarized in Fig. 1 point to GSK3 as a kinase
playing a role in modulating FAP differentiation.

LY2090314 inhibits FAP adipogenesis ex vivo and
limits fatty degeneration in vivo

Prompted by the screening results, we sought to investigate
the role of GSK3 in modulating FAP adipogenesis. To
avoid the redundancy of the library compounds and to
increase the translational impact of our findings, we set out
to use LY2090314 as a representative GSK3 inhibitor.
LY2090314 is a highly selective GSK3 inhibitor,
currently tested in phase I/II studies as an antineoplastic
agent [49–51].

FAPs from mdx mice were induced to differentiate into
adipocytes by incubating cells in ADM for 3 days followed
by 2 additional days in AMM (Fig. 2a). Pro-adipogenic
conditions promoted adipogenic differentiation of FAPs
(Fig. 2a, b). Short-term treatment with LY2090314 (Fig. 2a)
inhibited, in a dose-dependent manner, mdx FAP differ-
entiation into adipocytes (Fig. 2b, c) with an IC50 of 6.57
nM (Fig. 2d) without affecting cell number (Fig. 2e). A
slight decrease in cell viability can be appreciated at con-
centrations in the order of two-digit nanomolar (Fig. 2f). For
further characterization, we chose 20 nM as the minimum
noncytotoxic concentration of LY2090314 producing the
maximum anti-adipogenic effect. FAPs from physiological
or regenerating environments (as in the case of dystrophin
deficiency or myotoxin injury) are characterized by a dif-
ferent activation state and response to external stimuli
[26, 39] (Fig. S2a). We established that 20 nM LY2090314
was equally effective in inhibiting adipogenic differentia-
tion of FAPs purified from wild-type (wt), mdx and
cardiotoxin-injured mice suggesting that its inhibitory
activity is independent from the FAP activation state
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(Fig. S2b). To address the molecular perturbation induced
by LY2090314, downstream of GSK3 and to dissect the
transcriptional circuit affecting adipogenic differentiation,
we investigated peroxisome proliferator-activated receptor γ
(PPARγ) expression [47] upon GSK3 inhibition by
LY2090314. Three days of incubation in ADM promoted
PPARγ1/2 expression (Fig. 2g–i). Interestingly, 20 nM
LY2090314 fully abrogated PPARγ1/2 induction (Fig. 2g, h
and Fig. S2c). Consistently, the positive transcriptional loop

linking CCAAT/enhancer-binding protein alpha (C/ebpa)
and Pparg expression was disrupted upon exposure to
LY2090314 (Fig. 2i). In addition, short-time treatment (48
h) with LY2090314 did not affect the expression of fibro-
genic genes upon transforming growth factor β (TGF-β)
stimulation, as revealed by monitoring αSMA expression
and small mother against decapentaplegic member
3 (SMAD3) phosphorylation (Fig. S2d, e). Collectively,
these results confirm the anti-adipogenic effect of GSK3

Fig. 1 GSK inhibitors affect the differentiation potential of FAPs.
a Experimental plan to screen the PKI library. Representative vehicle-
treated sample (10× magnification, scale bar: 100 μm) showing spon-
taneous differentiation of FAPs into adipocytes (red, ORO staining)
and myofibroblasts (green, stained with anti-αSMA antibody).
b Screening compounds were classified as safe or cytotoxic/cytostatic.
Cytotoxic/cytostatic compounds were defined for their capability to
reduce by more than 30% the number of Hoechst 33342-positive
nuclei at the end of the assay. c Venn diagrams summarizing the
number and class of hits. d Scatter plot representing the inhibition of
adipogenesis of the safe compounds at the two tested concentrations

(0.1 and 1 μM). Dashed vertical and horizontal lines indicate the cutoff
used to define a “hit” (±50% of the effect vs. DMSO). KIs targeting the
same kinase are labeled with the same color. e Bar plot representing
the percentage of adipogenic (left) and myofibrogenic (right) inhibition
for the active compounds targeting GSK3. Dashed vertical lines
indicate the cutoff for hit selection. f Representative immuno-
fluorescence images (10× magnification, scale bar: 100 μm) showing
FAP adipogenesis and myofibrogenesis upon treatment with GSK3-
targeting compounds. Nuclei (blue) were revealed using
Hoechst 33342.
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inhibition and point to GSK3 as a crucial hub in the
mechanism controlling the transcriptional activation of the
adipogenic program.

Ectopic adipose tissue is a hallmark of myopathies and/or
incomplete regeneration [23, 24]. However, mdx muscles
display intramuscular adiposity only at late stages. By con-
trast, intramuscular injection of a hypertonic solution of gly-
cerol triggers degenerative changes that progressively lead to
the accumulation of adipocytes in 7–10 days [16, 25, 52]. We
used this model to assess whether the in vivo inhibition of
GSK3 could limit intramuscular adipocyte infiltrations. To

this end, we injured 3-month-old wt muscles (TA, gastro-
cnemius, and quadriceps) with 50% v/v of glycerol.
LY2090314 (25mg/Kg) [49] or vehicle (DMSO) were
administered intraperitoneally for 3 consecutive days starting
from the 3rd day after injury, avoiding any interferences with
the early activation of the muscle stem cell niche (Fig. 2j).
Glycerol-induced degeneration was already evident at 24 h
after injection since the glycerol-injected mouse paw and limb
reported a reduced mobility (Fig. S2f). After 17 days, saline-
injured TA muscles showed no infiltrating adipocytes
(Fig. 2k). In contrast, adipose areas were found between
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myofibers of glycerol-injected TAs (Fig. 2k). Likewise,
antibody against perilipin-1 did not stain saline-injured TAs,
while glycerol-injured muscles where markedly stained
(Fig. 2l). Similarly, PPARγ expression in PDGFRα-positive
FAPs was not identified in uninjured muscle sections while
they become evident after glycerol injection (Fig. S2g). Short-
term administration of LY2090314 limited glycerol-induced
fatty degeneration (Fig. 2k), as revealed by the reduced extent
and size of infiltrating Perilipin 1-positive adipocytes as well
as by the reduced number of PPARγ-committed PDGFRα-
positive FAPs (Fig. 2l, m and Fig. S2g). Regardless of
LY2090314 administration, muscle fiber recovery was com-
plete at 17 days from glycerol damage (Fig. S2h).

Canonical β-catenin signaling governs FAP
adipogenesis

One of the GSK3 best characterized functions is the mod-
ulation of CTNNB1 (β-catenin) stability [53]. We applied
high-dimensional single-cell mass cytometry to profile the

dynamic changes of the FAP antigen repertoire and mon-
itored β-catenin levels at single-cell resolution. FAPs were
purified from three mdx mice, expanded in culture for
4 days (P1), and stimulated to differentiate into adipocytes
by incubating cells with ADM (Fig. S3a). Three days after
adipogenic induction, cells were harvested, barcoded with
palladium isotopes, combined in a single tube, and stained
with an antibody panel which includes 18 heavy metal-
conjugated antibodies that recognize FAPs and other
muscle-resident mononuclear cells (Fig. S3a, b and
Table S2). FAPs were profiled in a single run in a CyTOF2
instrument. Signals were debarcoded and single-cell data
analyzed by the Cytobank software suite [54] (Fig. S3a).
Cells co-expressing SCA1 and PDGFRα neither express the
leucocyte marker CD45 nor MuSCs antigens such as
ITGA7 (α7-integrin) and CXCR4 (Fig. S3c). To trace the
dynamic changes in the FAP antigen repertoire upon adi-
pogenic induction, we applied the t-SNE algorithm [32] by
specifying FAP antigens (PDGFRα, SCA1, CD34,
PDGFRβ, CD90.2, and CD146) [7, 16, 26, 39] as clustering
features (see “Materials and methods” for details). The
resulting viSNE maps revealed, with high reproducibility, a
dynamic rearrangement of the FAP immunophenotype
during the adipogenic differentiation (Fig. 3a, Fig. S3d).
FAP heterogeneity is appreciated at single-cell resolution
(Fig. S3e), where surface antigen expression identifies FAP
subpopulations (clusters) (Fig. S3f). Notably, cluster I
highly expresses the FAP antigens PDGFRα, SCA1, CD34,
PDGFRβ, and CD90.2 (Fig. S3e). Cluster II expresses
lower levels of all these antigens, while Cluster III expresses
higher levels of the adhesion marker CD146 (Fig. S3e).
Adipogenic induction critically affected FAP antigen
expressions. Notably, FAP antigens CD90.2, PDGFRβ,
CD34, SCA1, and PDGFRα were significantly down-
regulated in cells undergoing adipogenesis as highlighted
by their reduced signal intensity (Fig. S3g). A single
exception is for CD146, whose expression is maintained
during FAP adipogenesis (Fig. S3g). Intriguingly, changes
in the antigen expression were coupled to a significant drift
in cell abundance from one cluster to the others (Fig. S3h).
β-catenin is highly expressed in FAPs cultivated in GM
(Fig. 3b). By contrast, ADM exposure significantly reduced
β-catenin expression (Fig. 3b and Fig. S3i), suggesting that
β-catenin downregulation marks FAPs committed to adi-
pogenesis. Consistently, PPARγ was upregulated during
FAP adipogenesis, with a significant increase in isoform 2
(Fig. 3c, d). Remarkably, we demonstrated that the levels of
the active form of β-catenin were downregulated upon
ADM exposure, by using a specific antibody which
recognizes the non-phosphorylated β-catenin [β-cat (active)]
(Fig. 3c, e). On the other hand, β-catenin transcripts
(Ctnnb1) did not show a corresponding decrease, suggest-
ing that the β-catenin modulation associated to FAP

Fig. 2 LY2090314 restricts FAP adipogenesis ex vivo while limit-
ing fatty degeneration in vivo. a Experimental plan for FAP differ-
entiation. GM growth medium, ADM adipocyte differentiation
medium, AMM adipocyte maintenance medium. b Representative
ORO staining (20× magnification; scale bar: 100 μm) of mdx FAPs
differentiated into adipocytes (red) in the presence of increasing doses
(from 1 to 100 nM) of LY2090314 (n= 3). Nuclei (blue) were
revealed using Hoechst 33342. Control samples were incubated with
DMSO as vehicle. c Bar plot reporting the fraction of ORO-positive
FAPs in each condition. The statistical significance was estimated by
One-way ANOVA. d Plot reporting the non-linear regression analysis
for the IC50 calculation of adipogenic inhibition at increasing doses of
LY2090314 in FAPs undergoing adipogenesis. e Bar plot representing
the average number of nuclei per field in each condition. The statistical
significance was estimated by one-way ANOVA. f Viability assay of
FAPs undergoing adipogenesis cultured with increasing doses of
LY2090314 (RFU relative fluorescence unit). The statistical sig-
nificance was estimated by one-way ANOVA. g Experimental plan
describing the timing of assay. Western blot of PPARγ1/2 protein
levels (n= 3). h Bar plot representing the normalized densitometric
signal of PPARγ1/2. The statistical significance was estimated by one-
way ANOVA. i Quantitative PCR (qPCR) of C/ebpa, and Pparg2 in
FAPs undergoing adipogenesis in the presence of 20 nM LY2090314.
The statistical significance was estimated by one-way ANOVA.
j Experimental plan to induce fatty degeneration in mice hind limbs.
k Representative hematoxylin and eosin staining (20× magnification;
scale bar: 200 μm) of TAs injected either with glycerol or saline
solution from LY2090314 (25 mg/Kg) and vehicle (DMSO)-treated
mice (vehicle, n= 3; LY2090314, n= 4). l Representative immuno-
fluorescence of intramuscular adipocytes (green) in TA sections (10×
magnification, scale bar: 200 μm), stained with anti-perilipin 1 anti-
body. TA section reconstructions from mice treated with LY2090314
or vehicle in glycerol- and saline-injured limbs are reported. Insets
(20× magnification, scale bar: 100 μm) showing higher magnification
images. Nuclei (blue) were revealed using Hoechst 33342. m Bar plot
reporting the average percentage of perilipin-positive area over the
total sections. The statistical significance was estimated by Student’s
t test. All data are represented as mean ± SEM and the statistical sig-
nificance is defined as *p < 0.05; **p < 0.01; ***p < 0.001.
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Fig. 3 β-catenin degradation marks FAPs undergoing adipogen-
esis. a Contour maps obtained by projecting, onto a two-dimensional
plane, single-cell multiparametric data using the viSNE algorithm.
Data from three independent FAP preparations, in the presence or
absence of ADM, are shown. b Dot plot representations of the viSNE
maps showing β-catenin expression (color coded, blue= low, red=
high) across the reported conditions for each repeat. c Representative
western blot showing the protein levels of both PPARγ isoforms, non-
phospho (active) β-catenin and Vinculin in FAPs unstimulated or
induced to differentiate into adipocytes upon ADM incubation (n= 3).
d Bar graphs representing the densitometric values of PPARγ1,
PPARγ2 in both conditions. e Bar graph showing the protein levels of
non-phospho (active) β-catenin in both conditions. Protein levels were
normalized to Vinculin. The statistical significance was estimated by
Student's t test. f Relative expression of Ctnn1b in FAPs unstimulated
or induced to differentiate into adipocytes upon ADM exposure (n=
3). g Western blot showing the protein levels of PPARγ, non-phospho
(active) β-catenin and Vinculin in FAPs undergoing adipogenesis in
the absence or presence of 20 μM MG132 (n= 3). (h) Bar graphs
representing the densitometric values of PPARγ and non-phospho
(active) β-catenin in both conditions. Protein levels were normalized to
Vinculin. The statistical significance was estimated by Student's t test.

i Western blot showing the protein levels of PPARγ, non-phospho
(active) β-catenin and Vinculin in FAPs unstimulated or incubated
with ADM and ADM supplemented with 20 nM LY2090314 (n= 3).
j Bar graphs representing the densitometric values of PPARγ and non-
phospho (active) β-catenin in all conditions. Protein levels were nor-
malized to Vinculin. The statistical significance was estimated by One-
way ANOVA. k Representative immunofluorescence (left) (20×
magnification; scale bar, 100 μm) of TAs of young (1.5-month-old,
n= 6) and old (18-month-old, n= 7) mdx mice. Infiltrating adipocytes
(arrow heads) were revealed using antibodies against perilipin-1 while
fibers were stained using phalloidin-488. Bar plot (right) reporting the
fraction of perilipin positive area in young and old mdx TAs. Statistical
significance was estimated by Student's t test. l Immunoblot showing
the protein level of non-phospho (active) β-catenin, pGSK3 (Ser9) and
Vinculin (n= 5) in FAPs from young (1.5-month-old) and old (18-
month-old) mdx mice. m Bar plots showing the densitometric analysis
for non-phospho (active) β-catenin and pGSK3 (Ser9) normalized over
Vinculin, respectively. n Quantitative PCR (qPCR) for Ctnnb1 from
FAPs purified from young (1.5-month-old) and old (18-month-old)
mdx mice (n= 3). Statistical significance was estimated by Student's
t test. All data are represented as mean ± SEM and the statistical sig-
nificance is defined as *p < 0.05; **p < 0.01; ***p < 0.001.
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adipogenesis is regulated by post-translational events
(Fig. 3f). Consistently, the proteasome inhibitor MG132
prevented β-catenin degradation and PPARγ expression
(Fig. 3g, h) thus demonstrating the pivotal role of β-catenin
degradation in modulating the differentiation potentials of
FAPs. Accordingly, GSK3 inhibition by LY2090314 pro-
moted β-catenin stabilization while limiting PPARγ
expression in FAPs undergoing adipogenesis (Fig. 3i, j).
LY2090314 promoted β-catenin stabilization even shortly
after treatment (24 h), as confirmed by western blot and
immunofluorescence analysis, showing an increase of
membrane and nuclear β-catenin staining area and intensity
(Fig. S4a–c).

Intramuscular fat infiltrates are observable in old mdx
mice (18-month-old) (Fig. 3k), when FAPs also produce
lower amounts of pro-myogenic cytokines such as Igf1 and
Il6 (Fig. S4d) and become less efficient in supporting the
myogenic program of MuSCs. We observe that FAPs from
old mdx mice, have an increased expression of fibrogenic
(Ctgf) and adipogenic genes (C/ebpa and Pparg1)
(Fig. S4d), while showing reduced levels of active β-catenin
(i.e., non phosphorylated) and increased amount of active
GSK3 (i.e., non phosphorylated on Ser9) (Fig. 3l, m).
Notably, Ctnnb1 levels in old mdx FAPs were unchanged
(Fig. 3n), suggesting that β-catenin protein levels are under
the same post-translational controls observed in ex vivo
mdx FAPs upon adipogenic induction. Collectively these
data support the notion that the GSK3/β-catenin axis mod-
ulates FAP adipogenesis and LY2090314 inhibits FAP
adipogenic conversion by preventing β-catenin degradation.

LY2090314 promotes MuSC self-renewal while
boosting the ability of FAPs to promote MuSCs
myogenesis in an ex vivo co-culture system

LY2090314 efficiently inhibits FAP conversion into adi-
pocytes by modulating β-catenin stability. β-catenin
also controls the differentiation fate of multiple cell types
[55–58] including MuSCs [29]. We investigated MuSC
self-renewal, proliferation and differentiation upon expo-
sure to LY2090314. To this end MuSCs were purified from
limb muscles of young mice and cultured ex vivo. First, we
monitored the dynamic changes in β-catenin expression
during spontaneous differentiation of MuSCs. Similarly to
what observed in FAPs, β-catenin underwent a progressive
downregulation in spontaneously differentiating MuSCs
(Fig. 4a, b) while LY2090314 treatment prevented such
decrease over time (Fig. 4a, b) without affecting β-catenin
expression (Fig. 4c). This dynamic pattern suggested that β-
catenin, upon LY2090314 exposure, is subjected to the
same post-translational regulation observed in FAPs
undergoing adipogenesis. After 24 h of drug treatment,
GSK3 blockade by LY2090314 increased the fraction of

renewing Pax7+ MuSCs (Fig. 4d, e) at the expenses of the
proliferating ones, also expressing MyoD (Fig. 4d, e).
Such increment in Pax7 expression is transient and limited
to the first 24 h after LY2090314 treatment (Fig. 4f, g).
Consistently, fluorescent microscopy analyses revealed
that the increased MuSC self-renewal parallels with a sig-
nificant reduction of MyoD-expressing cells (Fig. 4d, e),
higher retention of EdU labelling (Fig. 4h, i), as well as
blunted expression of myogenin (MyoG) in the first 24 h
(Fig. 4h, j). Conversely, terminal differentiation and myo-
genic potential remained unaffected by LY2090314 as
revealed by fusion index analysis and Myomaker expres-
sion (Fig. 4h, k, l).

FAPs-derived stimuli are crucial for MuSC differentia-
tion upon injury. In this context, we asked whether
LY2090314 can alter the pro-myogenic role of FAPs on
MuSCs in an ex vivo co-culture system. Two days exposure
of FAPs with 20 nM LY2090314 better promoted MuSC
differentiation into multinucleated myotubes than FAPs
treated with the vehicle alone (Fig. 4m, n). Among the
multitude of pro-myogenic stimuli produced by FAPs and
active on MuSCs [7, 9, 59–62], we focused on follistatin
(FST) since we recently highlighted that β-catenin controls
FST expression in FAPs [31]. Consistently, neutralizing
FST-antibodies fully abrogated the promyogenic effect of
LY2090314-treated FAPs on MuSCs (Fig. 4m, n). Collec-
tively, our data uncover that GSK3 blockade in FAPs
improved FAP promyogenic capacities in a FST dependent
manner.

FAPs are the main source of WNT ligands

The GSK/β-catenin axis is controlled by the WNT pathway.
To investigate the Wnt-mediated cross talk between dif-
ferent muscle cell types, we re-analyzed the single-cell
transcriptomes of muscle mononuclear cells recently pro-
filed by Giordani et al. and by the Tabula Muris consortium
[33, 34]. The two single-cell RNAseq (scRNAseq) datasets
were merged and reprocessed using the R package Seurat
[35]. Principal component analysis identified separated cell
clusters and showed good concordance between the datasets
(Fig. S5a, b). Cell population clusters were generated using
the t-SNE algorithm [37]. In the resulting t-SNE map, cell
population clusters were conserved across datasets demon-
strating high reproducibility between different experiments
(Fig. S5b, c). Cell ontology identities were assigned on the
basis of the expression of markers annotated in Myo-REG
[38] and by Giordani et al. [34] (Fig. S5d–m) allowing the
mapping of nine cell populations onto the t-SNE map
(endothelial cells, B cells, FAPs, T-lymphocytes, MuSCs,
Scx+ cells, macrophages/neutrophils, smooth muscle cells,
and myocytes) (Fig. 5a). Each population is characterized
by a different transcriptional signature (Fig. S5n). Next, we
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interrogated this integrated single-cell dataset to explore the
expression of WNT ligands and receptors in the different
cell populations (Fig. 5a–d). Intriguingly, a large majority
of events in the FAP cluster expresses the canonical Wnt
family member 2 (Wnt2) and noncanonical WNT members,
including Wnt11 and Wnt5a (Fig. 5b). Notably, as reported
by others, the MuSC cluster expresses Wnt4 [63] while the
cluster of macrophages/neutrophils expresses high levels of
Wnt11 [64] (Fig. 5d). Conversely, WNT receptors, includ-
ing Frizzled (Fzds), low-density lipoprotein receptor-related
proteins (LRPs) and noncanonical receptors such as Ryk,
Ror1 and Ror2, albeit expressed by FAPs, were found to be

also expressed, to a variable extent and with a different
profile, in most muscle mononuclear cell populations
(Fig. 5c, d). Signaling relations for all WNT ligands and
receptors were retrieved from the SIGNOR database [43],
thus connecting all WNTs and their receptors in the dataset.
Analysis of the specificity of WNT ligand interactions
reveals a potential highly intricate cell cross talk (Fig. 5e).
The fact that most of WNT ligands are produced by FAPs
suggests that FAP-secreted WNTs have the potential to
influence muscle residing cells in a paracrine manner. FAPs
are not only the main source of WNT ligands but also
express cognate receptors. This suggests the possibility that
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FAP-produced WNT ligands can act in an autocrine manner
to modulate their own behavior (Fig. 5b–d, f and Fig. S6).

WNT5a expression is downregulated in dystrophic
FAPs

To understand the potential role of WNT ligands in con-
trolling the adipogenic fate of FAPs, we exploited an in
silico model that recapitulates the dynamics between insu-
lin, which induces FAP adipogenesis [47], and WNT
pathways. To construct a network describing the causal
relations between the core components of insulin and WNT
signaling pathways, we interrogated the Myo-REG database

which collects manually-curated muscle cell-related intra-
cellular interactions [38]. We retrieved a cross-regulatory
network by merging the insulin (INS) and WNT pathways.
The resulting network encompasses 24 nodes, including
extracellular stimuli (WNT, INS), receptors (Frizzled,
INSR), signal transducers, and transcription factors which
accurately describe the INS-WNT cross talk (Fig. 6a and
Table S3). Relationships between nodes are either positive
(activations) or negative (inhibitions). A Boolean function
was associated to each node (Table S4). The model was
robust in comparison to 100 perturbations of 100 randomly
generated networks (Fig. S7a). Characterization of the
model attractors (equilibrium states) led to the identification
of eight stable system states (attractor 1 to attractor 8),
identified with equal frequencies (12.5%), representing
known states predicting biological phenotypes (Fig. 6b).
We characterized these attractors by clustering them
according to the levels of the input signals (INS, WNT) and
output phenotypes. The first four attractors (attractor 1 to
attractor 4), are characterized by absence of INS (inactive).
In these conditions, adipogenic differentiation is not
observed (inactive PPARG) irrespective of the presence of
the WNT stimulus (Fig. 6b). The remaining four attractors
(attractor 5 to attractor 8), are characterized by active INS
signaling, triggering a cascade that inactivates, via AKT, the
PPARG inhibitors (GATA2, FOXO1, and DLK1), thus
stimulating adipogenesis. Attractor six represents an
exception in this respect. In the presence of a WNT ligand,
the CTNNB1 destruction complex (GSK3b_AXIN_APC) is
inactive (Fig. 6b). As a result, the active CTNNB1 node
directly represses PPARγ, thus preventing adipogenesis
(Fig. 6b). WNT-mediated inhibition of adipogenesis is not
observed when transcription factor SOX6 (SOX6) and
mesodermal specific transcript (MEST) are in an active state
causing a negative modulation of CTNNB1 and LRP6,
respectively (attractor 8) (Fig. 6b). Thus, the result of our
model simulations supports a dominance of the negative
modulation of adipogenesis, by the canonical β-catenin
signaling, over the pro-adipogenic IGF/INS pathway, and
confirms our observation that an active β-catenin is suffi-
cient to impair adipogenesis even in the presence of insulin.

Prompted by our findings, we sought to determine any
possible alterations in the WNT signaling in FAPs from
mdx mice. We interrogated two recently published RNAseq
datasets generated by sequencing bulk RNA preparations of
freshly isolated wt and mdx FAPs [26, 39]. Reassuringly,
the Pearson correlation between the two datasets approaches
0.5, confirming result reproducibility across two indepen-
dent experiments (Fig. 6c). We next identified 188 genes
annotated as WNT-related according to the UniProt key-
word “WNT signaling pathway” and added to this list
SOX6 and MEST (Table S5). The RNA of 135 of these
genes were identified in both experiments. Intriguingly,

Fig. 4 GSK3 inhibition promotes MuSC self-renewal and boosts
the promyogenic ability of FAPs. a Representative immunoblot
showing the protein level of non-phospho (active) β-catenin and vin-
culin (n= 3) in MuSCs undergoing spontaneous myogenic differ-
entiation in the presence of vehicle or 20 nM LY2090314. b Bar plot
showing the densitometric analysis for non-phospho (active) β-catenin
normalized over vinculin. c Quantitative PCR (qPCR) for Ctnnb1 in
MuSCs undergoing spontaneous myogenic differentiation in the pre-
sence of vehicle or 20 nM LY2090314 (n= 3). The statistical sig-
nificance was estimated by One-way ANOVA. d Representative Pax7/
MyoD immunostaining (20× magnification; scale bar, 100 μm) in
MuSCs after 24 h of culturing in the presence of vehicle or 20 nM
LY2090314 (n= 3). e Bar plot showing the ratio of Pax7-, Pax7/
MyoD-, and MyoD-positive cells. The statistical significance was
estimated by two-way ANOVA. f Representative immunoblot show-
ing the protein level of Pax7 in MuSCs undergoing spontaneous
myogenic differentiation (n= 3). g Bar plot showing the densitometric
values of Pax7 over vinculin. The statistical significance was estimated
by two-way ANOVA. h Representative EdU labelling (left panel, 20×
magnification; scale bar, 100 μm) in MuSCs undergoing spontaneous
myogenic differentiation in the presence of vehicle or 20 nM
LY2090314 (n= 3). Representative immunostaining against MyoG
(central panel, 20× magnification; scale bar, 100 μm) in MuSCs
undergoing spontaneous myogenic differentiation in the presence of
vehicle or 20 nM LY2090314 (n= 3). Representative immunostaining
against MyHC (left panel, 20× magnification; scale bar, 100 μm) in
MuSCs undergoing spontaneous myogenic differentiation in the pre-
sence of vehicle or 20 nM LY2090314 (n= 3). Nuclei (blue) were
revealed using Hoechst 33342. i Bar plot reporting the ratio of EdU-
positive MuSCs. The statistical significance was estimated by two-way
ANOVA. j Bar plot reporting the ratio of MyoG-positive MuSCs. The
statistical significance was estimated by two-way ANOVA. k Bar plot
reporting the percentage of fusion index of MuSCs-derived myotubes.
The statistical significance was estimated by two-way ANOVA.
l Quantitative PCR (qPCR) for Myomaker in MuSCs undergoing
spontaneous myogenic differentiation in the presence of vehicle or 20
nM LY2090314 (n= 3). The statistical significance was estimated by
One-way ANOVA. m Representative MyHC immunostaining (red,
20× magnification; scale bar, 100 μm) in MuSCs undergoing sponta-
neous myogenic differentiation in the presence of FAPs treated/
untreated with 20 nM LY2090314 in the presence/absence of neu-
tralizing anti-Follistatin antibodies (n= 3). n Bar plot reporting the
percentage of fusion index of MuSCs-derived myotubes in each con-
dition. The statistical significance was estimated by two-way ANOVA.
Nuclei (blue) were revealed using Hoechst 33342. All data are
represented as mean ± SEM and the statistical significance is defined as
*p < 0.05; **p < 0.01; ***p < 0.001.
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WNT5a and MEST were significantly down- and upregu-
lated in mdx FAPs, respectively (Fig. 6d). To understand the
signaling relationship among the protein products of the 135

Wnt-related genes, we mapped their expression on a causal
network retrieved from SIGNOR [43]. The interrogation of
the SIGNOR database showed that 66 of the 135 genes, that
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are common to the two datasets, were part of a highly
connected causal network (Fig. S7b). To illustrate the cross
talk between WNT signaling and the adipogenesis pathway
we added the network controlling adipogenesis centered on
PPARγ (Fig. S7c, d). For both datasets, we color coded the
log2 fold change difference between mdx and wt FAPs
(Fig. 6e). Overall, WNT-related networks define a global
downregulation of WNT ligand and receptors while nega-
tive regulators of the signaling, such as MEST, are upre-
gulated. Considering the role of such actors in the regulation
of PPARγ, this evidence yields crucial insights into the
altered cross talk between the WNT pathway and adipo-
genesis in FAPs from mdx mice.

WNT5a represses PPARγ expression and FAP
adipogenesis through the activation of canonical
β-catenin signaling

We focused our attention on WNT5a, which we found
expressed by FAPs in their resting state (Fig. 5b, d) and
after acute muscle damage [7]. WNT5a is significantly
downregulated (Fig. 6d) in mdx mice in accordance with
the higher propensity of these cells to engage the adipo-
genic program in dystrophic muscles [31, 62]. To verify
our hypothesis, we treated purified mdx FAPs with 200
ng/ml of WNT5a (Fig. 7a). To reveal any possible WNT-
related specific effect, we also included in our analysis
WNT10b, which is also characterized as an adipogenesis
inhibitor of pre-adipocyte cell lines [55, 65], but it
was not significantly modulated in either dataset. Exo-
genous administration of WNT5a, during ADM, impaired
FAP adipogenesis as revealed by the reduced fraction of
ORO-positive cells (Fig. 7a, b). By contrast, increasing
doses of WNT10b (ranging from 200 to 1000 ng/ml) did
not alter the adipogenic program of FAPs (Fig. S7e),
revealing a FAP-specific sensitivity for different WNT
ligands.

WNT5a is s a noncanonical WNT that preferentially
induces the activation of the JUN transcription factor via
phosphorylation of Ser73 [66]. However, the phosphoryla-
tion status of Ser73 of JUN protein remained unaffected
after WNT5a stimulation of differentiating FAPs (Fig. S7f).
Thus, we considered the hypothesis that WNT5a affects
FAP adipogenesis through the canonical β-catenin signal-
ing. We first checked the phosphorylation status of the
inhibitory residue (Ser9) of GSK3 as sign of the canonical
β-catenin pathway activation. Exogenous administration of
200 ng/ml WNT5a significantly enhances the phosphoryla-
tion status of GSK3 inhibitory residue (Fig. S7g). Con-
sistently, WNT5a treatment prevents β-catenin
downregulation while limiting PPARγ expression in FAPs
undergoing adipogenic differentiation (Fig. 7c, d). To
demonstrate that WNT5a represses PPARγ in a β-catenin-
depended manner (Fig. 7e), we used the highly selective β-
catenin inhibitor, PNU-74654, in a combinatorial treatment
with recombinant WNT5a during adipogenic differentiation
of FAPs. β-catenin inhibition by PNU-74654 fully abro-
gates the anti-adipogenic effect of exogenous WNT5a
(Fig. 7f–I). Thus, WNT5a, through the activation of cano-
nical β-catenin signaling, restrains the ex vivo conversion of
FAPs into adipocytes.

Overall our data describe for the first time a model
whereby WNT5a may impact FAP adipogenesis through
the modulation of the canonical GSK3/β-catenin axis and
revealed that pharmacological manipulation of WNT sig-
naling may help controlling ectopic fat deposition in
dystrophic FAPs.

Discussion

FAPs are defined as SCA1- and PDGFRα-positive
mesenchymal cells with the potential to differentiate into
adipocytes and fibroblasts [7, 16]. In unperturbed muscles,
FAPs contribute to muscle mass maintenance, MuSC pool
preservation over time [17] as well as muscle regeneration
[7, 9, 16, 61]. In a physiologically controlled regeneration,
FAP activation at the site of damage is transient [7, 67] and
FAP fibro/adipogenic potential is restrained by a variety of
signals, including nitric oxide (NO), interleukin-4 (IL-4),
Desert Hedgehog (DHH), tumor necrosis factor-α (TNFα),
WNT1-inducible signaling pathway protein 1 (WISP1), and
Neurogenic locus notch homolog protein (NOTCH)
[6, 25, 26, 67–70]. Such different signals and stimuli pos-
sibly synergize to control FAP differentiation. In myo-
pathies, the anti-adipogenic microenvironmental cues and
FAP sensitivity to the niche constraints are attenuated and/
or lost [26, 61, 62, 67, 71–74]. In this context, FAPs lose
their beneficial role [9, 61, 71] and contribute to the
deposition of intramuscular ectopic fat and fibrous tissue

Fig. 5 FAPs are the main source of Wnt ligands in the muscle stem
cell niche. a t-SNE map of cell populations identified upon combining
single-cell RNA sequencing experiments from Giordani et al. with
those of Tabula Muris consortium. Data processing yielded nine
clusters that were assigned to specific cell populations on the basis of
their expression profiles. b t-SNE maps showing the expression of
WNT ligands at single-cell resolution. c t-SNE maps showing the
expression of canonical and noncanonical WNT receptors at single-
cell resolution. d Heatmap representing the relative abundance of
specific WNT ligands and receptor transcripts RNA in each cell
population. e Chord diagram representing the relations between WNT
ligands and their receptors as stored in the SIGNOR database. The
relations for WNT11, WNT2, and WNT5a are highlighted in blue,
green, and red, respectively. f Network describing the interaction
between WNTs (red) with their receptors (blue) in FAPs. Node sizes
are proportional to the transcript expression levels while edge thick-
ness is related to the SIGNOR confidence score for the reported
interaction.
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[23, 24, 67, 75]. We screened a collection of KIs with the
aim of targeting kinases playing a role in the modulation of
mdx FAP adipogenesis. The list of anti-adipogenic mole-
cules was found to be enriched for compounds targeting the
GSK3. GSK3 plays a central role in many processes and has
been considered as a pharmacological target in a variety of
physiopathological systems, including type 2 diabetes and
cancer [76–78]. In this regard, small molecules that

modulate its activity have been developed and have entered
clinical trials. Among these, LY2090314 has been recently
demonstrated to be effective in selectively blocking GSK3.
LY2090314 restores insulin secretion in diabetic islets [76]
and sensitizes cancer cells to apoptosis via GSK3 inhibition
[49–51]. Consistently, we show that GSK3 inhibition by
LY2090314 efficiently abrogates FAP adipogenesis at sub-
micromolar concentrations and when administered in vivo

Fig. 6 Wnt5a expression is impaired in mdx FAPs. a Network
showing the casual signaling relations between signaling proteins in
the Wnt and Insulin pathways. FAP-specific signaling information
were retrieved from Myo-REG. b Heatmap showing the attractors in
the simulation of the Wnt/Ins pathway. c Scatter plot showing the
correlation between the log2 differences of the genes that were
observed both in the Marinkovic et al. and Malecova et al. RNAseq
datasets. d Scatter plot showing the correlation between the common

genes between the Marinkovic et al. and Malecova et al. RNAseq
datasets that are associate to Wnt signaling pathway according to
UniProt Keywords. Genes in red are reported as significant in both
datasets. e Networks reporting the signaling relations, retrieved from
SIGNOR, of Wnt protein products Marinkovic et al. and Malecova
et al. datasets. Nodes are color coded according to the Log2 fold
change difference between mdx and wt FAPs.
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limits intramuscular fat infiltrates in murine models of fatty
degeneration. GSK3 plays a crucial role in regulating β-
catenin intracellular concentrations. High-dimensional mass
cytometry demonstrated that the FAP antigen repertoire is
rearranged during FAP adipogenesis while β-catenin
expression is downregulated as a consequence of its pro-
teasomal degradation. Concomitantly, a robust upregulation
of PPARγ is observed. Such divergent changes in protein
levels are also found in old dystrophic FAPs when intra-
muscular fat infiltrates become apparent. Pharmacological
treatment with LY2090314 disrupts this circuit, sustains β-
catenin protein levels and impairs the adipogenic

transcriptional cascade. Furthermore, we also investigated
the possible impact of LY2090314 in MuSCs. Intriguingly,
anti-adipogenic concentrations of LY2090314 were
effective in sustaining PAX7 expression and promoting the
self-renewal of ex vivo MuSCs. In addition, we also
demonstrated that LY2090314 strengthens the paracrine
directional interaction FAP-to-MuSC allowing optimal
myotube formation of MuSCs, a process mainly mediated
by the FAP-derived Follistatin. To characterize the rele-
vance of the GSK3/β-catenin axis in controlling FAP adi-
pogenesis we monitored the changes in the concentrations
of soluble mediators that are enriched in the muscle stem

Fig. 7 Wnt5a restrains FAP adipogenesis by activating the cano-
nical β-catenin signaling. a Representative ORO staining (20×
magnification, scale bar:100 μm) of dystrophic FAPs differentiated in
the presence of 200 ng/ml Wnt5a (n= 3). Control samples were
incubated with vehicle. Nuclei (blue) were revealed with Hoechst
33342. b Bar plot reporting the fraction of FAP-derived adipocytes in
both conditions described in a. The statistical significance was esti-
mated by student t test. c Western blot showing the protein level of
Vinculin, PPARγ1/2, and the active β-catenin in FAPs undergoing
adipogenesis (n= 3). d Bar plots showing the densitometric values,
normalized to Vinculin, of PPARγ1/2, and active β-catenin in each
condition. e Schematic representation describing the WNT5a pathway

in FAPs. f Representative ORO staining (20x magnification, scale
bar:100 μm) of dystrophic FAPs differentiated in the presence of 200
ng/ml Wnt5a or in combination with 50 μm PNU-74654 (n= 3). g Bar
plot reporting the fraction of FAP-derived adipocytes in both condi-
tions. The statistical significance was estimated by one-way ANOVA.
h Western blot showing the protein level of Actin and PPARγ1/2 (n=
3) upon treatment with 200 ng/ml Wnt5a or in combination with 50 μm
PNU-74654 (n= 3). i Bar plots showing the densitometric values of
PPARγ1/2, normalized to Actin, in each condition. The statistical
significance was estimated by one-way ANOVA. All data are repre-
sented as mean ± SEM and the statistical significance is defined as *p
< 0.05; **p < 0.01; ***p < 0.001.
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cell niche, especially Wnt ligands, which are known to
influence the activation of the GSK3/β-catenin axis. The
Tabula Muris consortium recently reported the single-cell
transcriptomes of 20 murine organs, including limb muscles
[33]. More recently, Giordani et al. [34] reported a single-
cell transcriptomic analysis of muscle mononuclear cell
populations. The integration of the two datasets highlights
FAPs as the main muscle cell population expressing Wnt
ligands, especially Wnt2, WNT5a, and Wnt11, whose
secretion possibly triggers autocrine and paracrine cellular
responses. By combining published RNAseq data of bulk
FAP RNA preparations, we highlight that Wnt signaling is
impaired in dystrophic FAPs due to reduced expression of
the majority of Wnt ligands and receptors. In particular,
WNT5a, which is secreted by FAPs upon acute damage, is
significantly downregulated. Moreover, MEST, a negative
regulator of β-catenin and LRP6, is upregulated, thus con-
tributing to a reduced sensitivity of FAPs to the canonical
Wnt/β-catenin signaling. We recently applied MS-based
proteomics to uncover intrinsic metabolic defects in dys-
trophic FAPs [26, 31]. Proteome profiling revealed that
MEST protein levels are also upregulated in dystrophic
FAPs, while β-catenin is downregulated [31]. We demon-
strated that such circuit is also sensitive to nutritional
interventions. Specifically, high-fat diet rewires the FAP
proteome and restores oxidative metabolism in dystrophic
FAPs. Such condition correlates with a reduction of MEST
protein levels, while the β-catenin/follistatin axis is acti-
vated [31]. Altogether, these data indicate that the intra-
cellular levels of β-catenin are crucial in controlling the
balance between the beneficial and detrimental role of
FAPs. Finally, we show that exogenous administration of
WNT5a, but not Wnt10b, impairs ex vivo FAP adipogen-
esis revealing a Wnt-specific effect in FAPs. WNT5a is a
noncanonical Wnt ligand reported to activate the planar
cells polarity (PCP) Wnt pathway [66]. We demonstrated
that, in FAPs, WNT5a affects adipogenesis by repressing
PPARγ expression in a β-catenin-dependent manner as
shown by the rescue of adipogenesis obtained by pharma-
cological inhibition of the β-catenin transcriptional com-
plex. Moreover, our data are also supported by other reports
showing that in different cellular and physiological contexts
WNT5a can act through the canonical β-catenin-dependent
signaling probably relying on the cell specific receptor
context [79, 80]. In summary, this work uncovers a pre-
viously unappreciated role of WNT5a in modulating
insulin-mediated FAP adipogenesis while identifying in the
GSK3/β-catenin axis a new potential pharmacological target
that can be modulated to counteract intramuscular fat
infiltrates in dystrophic muscles.
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