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Defective angiogenesis in CXCL12 mutant
mice impairs skeletal muscle regeneration
David Hardy1, Mylène Fefeu1, Aurore Besnard1, David Briand1, Paméla Gasse2, Fernando Arenzana-Seisdedos2,
Pierre Rocheteau1,3† and Fabrice Chrétien1,4,5*†

Abstract

Background: During muscle regeneration, the chemokine CXCL12 (SDF-1) and the synthesis of some specific heparan
sulfates (HS) have been shown to be critical. CXCL12 activity has been shown to be heavily influenced by its binding to
extracellular glycosaminoglycans (GAG) by modulating its presentation to its receptors and by generating haptotactic
gradients. Although CXCL12 has been implicated in several phases of tissue repair, the influence of GAG binding under
HS influencing conditions such as acute tissue destruction remains understudied.

Methods: To investigate the role of the CXCL12/HS proteoglycan interactions in the pathophysiology of muscle
regeneration, we performed two models of muscle injuries (notexin and freeze injury) in mutant CXCL12Gagtm/Gagtm

mice, where the CXCL12 gene having been selectively mutated in critical binding sites of CXCL12 to interact with HS.
Histological, cytometric, functional transcriptomic, and ultrastructure analysis focusing on the satellite cell behavior and
the vessels were conducted on muscles before and after injuries. Unless specified, statistical analysis was performed
with the Mann-Whitney test.

Results: We showed that despite normal histology of the resting muscle and normal muscle stem cell behavior in the
mutant mice, endothelial cells displayed an increase in the angiogenic response in resting muscle despite the
downregulated transcriptomic changes induced by the CXCL12 mutation. The regenerative capacity of the CXCL12-
mutated mice was only delayed after a notexin injury, but a severe damage by freeze injury revealed a persistent defect
in the muscle regeneration of CXCL12 mutant mice associated with vascular defect and fibroadipose deposition with
persistent immune cell infiltration.

Conclusion: The present study shows that CXCL12 is crucial for proper muscle regeneration. We highlight that this homing
molecule could play an important role in drastic muscle injuries and that the regeneration defect could be
due to an impairment of angiogenesis, associated with a long-lasting fibro-adipogenic scar.

Keywords: Muscle stem cells, Endothelial cells, CXCL12, Heparan sulfates, Skeletal muscle, Regeneration, Angiogenesis,
Vasculogenesis, Fibrosis

Background
Wound healing is complex, and an alteration in the
process can lead to chronic wound or fibrotic tissue
formation. Skeletal muscle owns its remarkable capacity
of regeneration to satellite cells (SCs), the main stem
cells of this tissue [1]. After muscle injury, SCs are
activated, proliferated, differentiated, and fused to repair
damaged myofibers [2]. However, muscle regeneration

also requires specific structural and trophic cues such as
the presence of functional vascular supply and neuronal
activity [3, 4].
The stem cell’s microenvironment is composed of a

multitude of signals secreted by neighboring cells.
Among chemokines, CXCL12 (SDF-1) is one of the most
studied and was initially described to maintain
hematopoietic stem cells within the bone marrow [5].
CXCL12 exists in three splice variants (α, β, and γ) in
mice and acts on cells that are expressing the CXC
chemokine receptor type 4 (CXCR4) and/or 7 (CXCR7)
[6]. Beyond binding to their cognate receptors, the
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affinity of the chemokines to the glycan moiety of
proteoglycans (GAG), specifically heparan sulfates (HS),
creates a concentration gradient which drives an orien-
tated migration and recruitment of circulating cells from
surrounding tissues (diffusion/chemotaxis) [7].
CXCL12 has interesting proangiogenic properties of

stimulating new blood vessel (vasculogenesis) formation
during both the developmental and the postnatal period
[8] and on angiogenesis [9]. Under ischemic conditions,
CXCL12, upregulated by HIF1-α, leads to the mobilization
of endothelial progenitor cells (EPCs) from the bone mar-
row [9] to revascularize injured tissues. Further, CXCL12
was described as a local factor in driving neovascular
sprouting [10] and as having a direct effect on endothelial
cells (EC) proliferation and in vitro capillary tube forma-
tion [11]. These beneficial effects have also been con-
firmed in vivo using a Matrigel plug assay [12].
Recent studies have also described the potential in-

volvement of the CXCL12-CXCR4 pathway in the
muscle repair process. An increase of CXCL12 was
shown to enhance regeneration of injured skeletal mus-
cles by inducing stem cell mobilization and by increasing
the migration of myoblasts [13]. In addition, the
CXCL12-CXCR4 pathway was shown to be upregulated
in response to skeletal muscle damage and a CXCR4
antagonist induced a delay in muscle regeneration [13].
Thus, the administration of CXCL12 could accelerate
the skeletal muscle repair process [13].
However, the involvement of chemokines, specifically

the adsorption of CXCL12 by glycosaminoglycan and
their biological functions, has not been elucidated. A
new CXCL12 mutant mouse (CXCL12Gagtm/Gagtm mice)
was recently engineered, with the CXCL12 gene having
been selectively mutated (knock-in) in the critical HS-
binding domain supposed to induce drastic reduction of
CXCL12/HS interaction without affecting CXCR4-
activation capacity [14]. CXCL12Gagtm/Gagtm (KI) mice
showed no developmental defects and expressed normal
levels of total and CXCL12 isoform-specific mRNA. The
KI mice had an increase in the concentration of circulat-
ing CXCL12 and in circulating CD34+ hemopoietic
precursor cells. However, after acute muscle ischemia,
the KI mice exhibited a defect in revascularization [14].
We therefore investigated the role of the CXCL12/HS

proteoglycan interactions in the pathophysiology of
muscle regeneration, focusing on the SC behavior and
in vascular abnormalities. When comparing severe
muscle injuries which affected all cell types and dis-
rupted the overall architecture of the muscle, the KI
mice showed more fibroadipose scarring neighboring
the regenerative regions relative to their wild-type coun-
terparts. Thus, the disruption of the CXCL12/GAG
interactions may transform the muscle into a non-
regenerative tissue. An important aspect of this defect

was the abnormal vascular system that developed in this
fibro-adipogenic scar.

Materials and methods
Mouse experiments and muscle injuries
All procedures in this study were approved by the Ani-
mal Care and Use Committee at the Institut Pasteur
(CETEA 01332.01). Unless specified, 6–10-week-old
males were used in this study and housed under a 12:12
light/dark cycle in a pathogen-free facility with con-
trolled temperature and humidity. Food and drink were
given ad libitum. The experiments were conducted in
C57BL/6 J RJ mice (Janvier Labs, France) or in genetic-
ally engineered mice backcrossed with making having a
C57BL/6 J RJ background.
Animals were anesthetized by ketamine and xylazine

(respectively 80 mg/kg and 10mg/kg before injuries).
For the freeze injury, the tibialis anterior (TA) was
exposed and frozen with three consecutive cycles of
freeze-thawings by applying a liquid nitrogen-cooled
metallic rod for 15 s. For the myotexin injury, 10 μL of
12.5 μg/mL notexin (Latoxan) was injected in the TA.
To limit the variability between the toxin batches, 25
batches (12.5 mg) were reconstituted, pooled, aliquoted,
and stored at − 20 °C.

Histological staining
TAs were collected and snap-frozen in liquid nitrogen-
cooled isopentane for 5 min and stored at − 80 °C before
cryosectioning (7 μm sections). The sections were then
routinely stained with hematoxylin-eosin, Sirius Red, or
Oil Red O.
To preserve GFP fluorescence for the 3D study of

blood vessel organization, whole TA muscles were fixed
in 10% neutral-buffered formalin for 2 h, then cryopre-
served in 40% sucrose overnight at 4 °C before freezing
in OCT (Tissue-Tek®, Sakura® Finetek, CA, USA). Serial
cryosections (7-μm- or 100-μm-thick sections for 2D
and 3D analysis, respectively) were performed.
For immunostaining, the tissues were rehydrated in

PBS, saturated with 3% BSA, and permeabilized with
0.5% Triton X-100. Sections were incubated with pri-
mary antibodies (CD31, BD Pharmingen, #550274;
Laminin, Sigma, #L9393; Pax7, DSHB) overnight at 4 °C
and then with Alexa-conjugated secondary antibodies
for 1 h at 37 °C. Sections were counterstained with
Hoechst 33342 (Life technologies®, CA, USA) (5 min in
PBS with 10mg/mL, H3570, Invitrogen, CA, USA).

Image acquisition
Images were captured on a Nikon Eclipse E800 micro-
scope using the Nikon ACT-1 software and DXM1200
camera for bright field image acquisition. Fluorescence
images and 3D reconstructions were performed with a
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Leica® TCS SPE DM 2500 and LAS AF software (Leica®,
Germany).
Two-dimension analyses were performed, using Ima-

geJ (NIH, MA, USA) and NIS-Element (Nikon) software.
We measured the muscle fibers’ count, diameter, and
capillary number per myofiber. At least 100 randomly
selected fibers were considered for each muscle.
Three-dimensional analysis was performed to evaluate

the organization of the vascular network and to quantify
the number of vessels sprouting. For each muscle, 10
images were collected at 4 μm intervals to create a stack
in the z axis. 3D reconstruction of this z-stack image
was performed using 80- to 150-μm-thick frozen sections.

Cell sorting and FACS
Using transgenic Tg:Pax7nGFP and Flk1GFP/+ mice
allowed for selection by cytometry (FACS). Soft tissue
was separated from the bone by dissection in cold
DMEM, and muscles were chopped. Single cell suspen-
sions were obtained from the TA or muscle bulk by
enzymatic digestion at 37 °C with gentle agitation (colla-
genase (Sigma; T1426) 0.08% and trypsin (Sigma; C5138)
0.08% for SCs; collagenase B (Roche; 11088807001) 10
mg/mL and dispase II (Dutscher Dominique; 17105-041)
2.4 U/mL for other cell sorting).
After a 20-min digestion, the supernatant was col-

lected on ice and enzymatic solution was added until the
muscle was completely digested. The solution was fil-
tered through 40 μm filter. To exclude dead cells, cells
were stained by propidium iodide (Sigma, #P4170) prior
to their analysis for the individual sorts of GFP-ECs and
GFP-SCs. For cell sorting from uninjured and regenerat-
ing muscle of Tg:Pax7nGFP, ECs, macrophages, and
fibro-adipogenic precursor cells were isolated using anti-
FA/80-PE (Biolegend, #123110), anti-CD31-e450 (eBios-
ciences, #48-0311-82), anti-CD45-APC/Cy7 (Biolegend,
#103116), and anti-Sca1-PE/Cy5 (Biolegend, #012463).
Cell sorting was done with Aria III (BD Biosciences) and
BD FACSDIVA software from BD Biosciences.

Live video microscopy
Cells isolated by FACS were plated overnight on a 24-
well glass bottom plate (P24G-0-10-F; MatTek) coated
with Matrigel (BD Biosciences #354234) and placed in
an incubator in pre-equilibrated medium (1:1 DMEM
Glutamax:MCDB (Sigma-Aldrich), 20% fetal calf serum
(FCS; Biowest S1860). The plates were then incubated at
37 °C, 5% CO2 (Zeiss, Pecon). A Zeiss Observer.Z1
connected with a LCI PlnN × 10/0.8W phase II object-
ive and AxioCam camera piloted with AxioVision was
used. Cells were filmed for up to 5 days, and images
were taken every 30 min with bright field and phase
filters and MozaiX 3X3 (Zeiss).

In vivo angiogenesis assay
To assess the residual capacity of endothelial cells to re-
spond to a normal or modified CXCL12 signaling gradi-
ent, attractor cells (SCs), which have better angiogenic
properties than others as previously described [15], from
Tg:Pax7nGFP WT and KI mice were FACS isolated and
culture expanded in 22 μm filtered 1:1 DMEM Glutamax
(Gibco): MCDB (Sigma-Aldrich; M6770) containing 20%
fetal bovine serum (FBS), plated on Matrigel (BD Biosci-
ences; #354234). Cells were grown in an incubator
(37 °C, 5%, CO2).
Cold Matrigel (BD Biosciences; #354234) was mixed

with myoblasts (7.105 cells/mL). Mice were anaesthe-
tized using isoflurane, and cold Matrigel (0.5 mL) was
injected into the abdominal subcutaneous tissue. After
21 days, mice were euthanized and Matrigel plugs were
removed and fixed in JB fixative (zinc acetate 0.5%, zinc
chloride 0.05%, and calcium acetate 0.05% in Tris buffer
at pH = 7) for 48 h and then embedded in low-melting
point paraffin (poly ethylene glycol distearate; Sigma,
USA). Five-micrometer-thick paraffin sections were
deparaffinized in absolute ethanol, air dried, and used
for HE staining and immunolabeling for CD31/Desmin.
Blood vessel formation into the plug was quantified in

one section per plug, by counting the number of cells
per square millimeter using ImageJ software. Images
were obtained on Leica® TCS SPE DM 2500 and LAS AF
software (Leica®, Germany) microscope and expressed as
mean values of 3–4 mice per condition.

Vascular functionality imaging
Perfusion imaging was performed prior to and 28 days
post-FI by dynamic contrast enhancement MRI (DCE-
MRI). Briefly, a bolus of contrast agent, gadoterate
meglumine, was injected intravenously and followed by
T1-weighted MRI imaging for more than 9min.
The data were analyzed using Tofts/Kety model, pro-

viding an estimated blood flow.

Microarray analysis
RNA’s quality and concentration of satellite cells (GFP+)
and endothelial cells (GFP+) respectively sorted by FACS
from TA of Tg:Pax7nGFP and Flk1GFP/+ WT and KI
mice were assessed with a 2100 Bioanalyzer (Agilent).
RNA (RIN > 5) was processed and hybridized on a Gene-
Chip™ Mouse Gene 2.0 ST Array (Affymetrix).
Raw data (.CEL files) were read into the R language

and environment for statistical computing (version 3.4.1;
R Foundation for Statistical Computing, Vienna, Austria;
https://www.R-project.org/) using Rstudio (version 1.0.153;
Rstudio, Boston, USA; https://www.rstudio.com/) and the
affy package (version 1.54.0). Preprocessing and qual-
ity control was performed by using the oligo package
version 1.40.2.
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Array data were normalized using the Robust Multi-
array Average (RMA) method and summarized by
median polish.
Affymetrix probe identifiers were mapped to Entrez

Gene identifiers using mogene20sttranscriptcluster.db
package (version 8.6.0), and log-transformed intensities
yielded by the RMA process were averaged per Entrez
Gene IDd, producing 19.685 unique identifiers.
Corresponding Gene Ontology Biological Pathways

(GOBP) were retrieved using gage package (version
2.26.1). In each cell type, for each GOBP, the null
hypothesis was an absence of CXCL12 mutation effect,
that is, a repartition of the between-group rank-test
statistic of genes belonging to that GOBP following the
same repartition that the overall gene between-group
rank-test statistics.
Non-parametric rank tests were separately performed

per cell type to test for a mutation effect, using the
Generally Applicable Gene-Set/Pathway Analysis in gage
package.
For a given GOBP, CXCL12 mutation effect was con-

sidered significant below a cutoff q value of 0.1 (q value
resulting from the Benjamini-Hochberg procedure). The
lists of significantly affected GOBP were simplified to
GO-slim generic terms with GSEABase package (version
1.38.2).

RTqPCR
Total RNA was isolated from cells using the RNAeasy
Micro kit (Qiagen) and reverse transcribed using Super-
script III Reverse transcriptase (Invitrogen). RTqPCR
was performed using Power Sybr Green PCR Master
Mix (Applied Biosystems), and the rate of dye incorpor-
ation was monitored using the StepOne Plus RealTime
PCR system (Applied Biosystems). Two biological repli-
cates were used for each condition. Data were analyzed
by StepOne Plus RT PCR software v2.1 and Microsoft
Excel. Rpl13 transcript levels were used for the
normalization of each target (= ΔCT). RTqPCR CT
values were analyzed using the 2-(ΔΔCT) method. The
primer sequences used are listed in Additional file 1:
Table S1.

Scanning electron microscopy
Samples were fixed at 37 °C in 0.05% glutaraldehyde and
2% PFA in 0.2 M Hepes for 15 min followed by fixation
in 4% PFA in 0.2 M Hepes for 15 min. Samples were
post-fixed in 2.5% glutaraldehyde in 0.2M cacodylate
buffer (pH 7.2) at 4 °C, washed three times for 5 min in
0.2M cacodylate buffer (pH 7.2), treated for 1 h with 1%
osmium tetroxide in 0.2M cacodylate buffer, and then
rinsed in distilled water. Samples were dehydrated
through a graded series of 25, 50, 75, and 95% ethanol
solutions for 5 min and for 10 min in 100% ethanol

followed by critical point drying with CO2. Samples were
sputtered with a 10-nm gold/palladium layer and were
observed in a JEOL JSM-6700F field emission scanning
electron microscope at a voltage of 5 kV. Pericytes and
endothelial cells were identified as described by Sims
[16].

Statistical analysis
Unless specified, the data are expressed as mean ± SEM.
When stated, the percentile 95% confidence intervals
were calculated by bootstrapping the statistic using R
(3.4.1) boot package. Statistical analysis was performed
using GraphPad software (Prism, CA, USA) with the
Mann-Whitney test or Wilcoxon signed rank test; p ≤
0.05 was considered statistically significant.
Microarray data are presented in the form of volcano

plots (integrating log2 fold values and multiple-test
adjusted probabilities) and as heat map plots, generated
in R studio.

Results
CXCL12 KI mice resting muscle has a less stabilized
vasculature
To investigate the muscle morphology in the CXCL12Gagtm/-

Gagtm knock-in (KI) mice [14], sagittal cross sections with
hematoxylin-eosin (HE) staining of 8-week-old KI mice
were performed. The stained cross sections did not
reveal any malformation when comparing the KI mice
to the C57Bl/6 mice (WT) (Fig. 1a, b). Specifically,
extensive histological analyses on the skeletal muscle
sections did not show any major differences between
the WT and the KI mice. Tibialis anterior (TA) cross
sections stained by HE showed muscle fascicles
surrounded by a thin layer of perimysium individually
separating each fiber with peripherally located nuclei
(Fig. 1c, d). No differences were observed in either the
number of the fibers nor the size of the fibers
(Additional file 2: Figure S1A and S1B). In addition, the
histological visualization of collagen I and III fibers by
Sirius Red staining in the KI mice revealed typical
organization of the connective tissues inclusive of the
endomysium, the perimysium, and the epimysium
layers (Fig. 1e, f; Additional file 2: Figure S1C). These
data were confirmed by immunostaining against lam-
inin, which is a component of the muscle basal lamina.
Both the KI mice and the WT mice showed no abnor-
malities (Fig. 1g, h).
Next, to investigate the vasculature of the skeletal

muscle, we assessed the number of capillary sections per
myofiber (called myofiber “capillarization”) using lam-
inin/CD31 immunolabeling (Fig. 1g, h). An unsignificant
increase in the capillarization of the myofibers in the TA
from the KI mice over the WT mice was observed (p =
0.09; Additional file 2: Figure S1D). Using Flk1GFP/+
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(WT-Flk1) [17] and CXCL12Gagtm/Gagtm:Flk1GFP/+ (KI-
Flk1) mice, which have green fluorescent endothelial
cells (ECs), cytometric analysis also showed a trend to
an increase in the number of muscle ECs in the KI-Flk1
mice when compared to the WT-Flk1 mice (p = 0.07;
Additional file 2: Figure S1E). Moreover, 3D imaging
analysis revealed a well-organized vascular network in
both the KI-Flk1 and the WT-Flk1 mice (Fig. 1i, j).
Interestingly, we observed the presence of tip cells only
within the resting muscle of the KI mice (Fig. 1 j, inset),
associated with a significant increase in the number of
blood vessels sprouting compared to the muscle of WT
mice (Additional file 2: Figure S1F).
To characterize SCs during homeostasis, we used Tg:

Pax7nGFP (WT-Pax7) and CXCL12Gagtm/Gagtm:
Pax7nGFP (KI-Pax7) mice in which the GFP reporter
gene marks all of the SCs [18]. Histological analysis of
the TA sections showed that the WT and the KI SCs
were both located between the sarcolemma and the
laminin-labeled basal lamina and were close to the
CD31-labeled vessels (Fig. 1l, h; Additional file 2: Figure
S1G). Additionally, both of the histological and the cyto-
metric analyses showed that the numbers of the SCs in
the TA were not different between the WT and the KI
mice (Additional file 2: Figure S1H and S1I).
Since the organization of the connective tissues and

the muscles fibers, including the SCs, was maintained,
one can conclude that the disruption of the CXCL12/HS
interactions did not result in major morphological
modifications in the resting skeletal muscle. In contrast,
the vascular structures in the KI mice displayed some
abnormalities, which could reflect the destabilization of
the vascular network by active angiogenesis due to
sprouting.

Fig. 1 CXCL12Gagtm/Gagtm mice show no systemic developmental or
morphological defects but signs of vascular destabilization. a, b
Representative pictures of HE-stained sagittal cross section of 8-
week-old a WT (C57Bl6) mice and b KI (CXCL12Gagtm/Gagtm) mice.
Scale bar represent 10mm. Muscle morphology comparison
between the KI and the WT mice on c, d HE stained tibialis anterior
(TA) sections from c WT and d KI mice. Scale bar represent 100 μm.
e, f Sirius Red (collagen deposits) staining in TA sections from e WT
and f KI mice. Scale bar represent 50 μm. g, h Endothelium (CD31,
red) and muscular basal lamina (laminin, green) immunolabeling
counterstained for nuclei (DAPI, blue) in TA sections from g WT and
h KI mice. Scale bar represent 50 μm. i, j Longitudinal blood vessel
organization of sectioned TA from i WT (Flk1GFP/+) and j KI
(CXCL12Gagtm/Gagtm:Flk1GFP/+) mice. White arrowheads point towards
the sprouting structures. Scale bar represent 10 μm. k, l SC (Pax7-
GFP, green) location, basal lamina (laminin, blue), and vessels (CD31,
red) immunostained in TA sections from k WT (Tg:Pax7nGFP) and l KI
(CXCL12Gagtm/Gagtm:Pax7nGFP) mice. Scale bar represent 10 μm (n = 3
animals per condition). All the experiments were repeated
independently two times
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The unchallenged SCs retain their adaptive behavior
despite transcriptomic changes induced by the CXCL12
mutation
To further investigate whether the CXCL12 mutation
could affect the behavior of SCs at homeostasis, we
performed a genome-wide microarray analysis on FACS-
sorted SCs from the uninjured TA of WT-Pax7 and KI-

Pax7 mice (Fig. 2a–c) confirmed by specific RTqPCR on
the most up- and downregulated genes (Additional file 3:
Figure S2A to S2C). The cell-type pathways involved in
skeletal muscle development were specifically downregu-
lated in the KI SCs, although no abnormalities were
observed in the resting muscle (Fig. 1b, j). Strikingly, we
showed that when compared to the WT mice, the cell

Fig. 2 Transcriptome analysis of the SCs and the ECs from the uninjured TA of the KI versus the WT mice and in vivo angiogenesis assay. a Venn
diagram of unique and overlapping differentially represented (q value < 0.1) Gene Ontology Biological Pathways (GOBP) in KI versus WT mice
depending on the cell type (Pax7/GFP-positive and Flk1/GFP-positive cells). b Simplification of GOBP terms into GOBP slim terms, along with the
number of differentially represented GOBP terms participating in each GOBP slim. c Transcriptional profile of the 30 most significantly
differentially expressed genes in the selected GOBP. Expression of genes is presented as centered and scaled log2 fluorescence intensity (red to
yellow key), and each row represents a gene, named by its MGI symbol (n = 3 animals were used per condition). d, e Representative
immunostaining of Matrigel plugs mixed with KI (CXCL12Gagtm/Gagtm:Pax7nGFP) satellite cells inserted for 3 weeks in either d WT (C57Bl6) or e KI
(CXCL12Gagtm/Gagtm) mice. Endothelial cells (CD31, red), myoblasts (desmin, green), and nuclei (DAPI, blue) were immunolabeling. Scale bars
represent 20 μm. f Quantification of the CD31 positive/negative surface ratio as an indicator of vessel formation. Data are mean percentage ± SEM
(10 fields per Matrigel plug). n = 5 animals per condition. All the experiments were repeated independently two times. *p < 0.05
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cycle and cell differentiation-associated pathways were
downregulated in the KI SCs. Conversely, the positive
regulatory pathways of vasculature development includ-
ing the CXCR4-related pathway were upregulated in the
KI SCs.
To confirm whether the transcriptomic modifications

induced by the CXCL12 mutation could modify the SCs’
behavior, we assessed, in vitro, the parameters of the
FACS-sorted SCs. Video microscopy did not show any
difference between the WT-Pax7 and the KI-Pax7 SCs
with respect to the velocity (Additional file 3: Figure
S2D), the onset of the first cell division (Additional file 3:
Figure S2E), and the division rate (Additional file 3:
Figure S2F). The percentage of MyoD+ (the SC activa-
tion marker) and Myogenin+ (the SC differentiation
marker) cells explored at 2 days and at 4 days post-
plating did not show any difference between the two
types of SCs (Additional file 3: Figure S2G).
Overall, these results suggest that the CXCL12 muta-

tion modifies, in vivo, the transcriptomic landscapes in
SCs. However, the muscle development and the SC loca-
tion are preserved, arguing for the existence of an effect-
ive coping mechanism during both embryogenesis and
homeostasis. In addition, the intrinsic adaptive capacities
of SCs including activation, proliferation, migration, or
differentiation are maintained in vitro, suggesting that
the CXCL12 mutation does not have a direct impact on
the myogenic process.

ECs display an increase in the angiogenic response in
resting muscle despite the downregulated transcriptomic
changes induced by the CXCL12 mutation
Because the resting muscle had an altered vascular net-
work (Fig.1j), we investigated the impact of the CXCL12
mutation on the behavior of ECs during homeostasis.
We therefore performed a genome-wide microarray
analysis on FACS-sorted ECs from the uninjured TA of
WT-Flk1 and KI-Flk1 mice confirmed by specific
RTqPCR on the most up- and downregulated genes
(Additional file 4: Figure S3A to S3C). Cell cycle and
cell-differentiation-associated pathways were markedly
downregulated in the KI ECs, as were the positive regu-
latory pathways for vasculature development (Fig. 2a–c).
Surprisingly, when comparing the KI vs. the WT ECs,
the organization and synthesis of collagen fibrils were
the only upregulated pathway, with alpha1 chains of
collagens I, II, III, and V being particularly upregulated
(Fig. 2c).
To confirm the role of the CXCL12/HS disruption on

EC behavior, we performed an in vivo angiogenesis assay
using Matrigel plugs containing either KI-Pax7 or WT-
Pax7 SCs grafted to either WT or KI recipient mice. In
the Matrigel plugs containing the KI SCs grafted into
the KI mice, the number of CD31-labeled vessels

increased by 74.3% when compared to the WT mice
(p = 0.0025; Fig. 2d–f). The newly formed vessels were
functional as the lumen contained red blood cells but
were strikingly misshaped in appearance (Additional file 4:
Figure S3D). In addition, the percentage of CD31+ area
was always higher in the Matrigel plugs containing the
KI SCs grafted into the KI mice when compared to
Matrigel plugs with the WT SCs grafted into either of
the recipient mice (Additional file 4: Figure S3E). In
contrast, we did not observe any difference in vessel
formation whenever the WT SCs were used in the
Matrigel plugs, in either the WT or the KI recipient
mice (Additional file 4: Figure S3E).
Taken together, these results suggest that the CXCL12

mutation indirectly induced a downregulated transcrip-
tomic landscape in ECs, although these cells exhibited
an increased proangiogenic response. However, the
genetic profile of the ECs indicated that the CXCL12
mutation may impact the regenerative response-
associated gene expression in the KI ECs. To test this
hypothesis, we studied the muscle regeneration in WT
and KI mice.

The regenerative capacity of the CXCL12-mutated mice is
delayed after a notexin injury
To investigate whether the CXCL12 mutation could
have an effect during muscle regeneration, we began
our investigation with a notexin (NTX) injection injury
model that is less toxic for ECs and SCs [19]. At 12 days
post-injury, the WT muscles showed partial regeneration.
It was characterized by centrally nucleated small baso-
philic fibers that were associated with some peripheral
multifocal calcium deposits, which replaced necrotic myo-
fibers via a foreign body granulomatous reaction (Fig. 3c).
Contrary to the WT muscles, the KI muscles displayed a
delay in muscle regeneration with a significant increase in
the number of calcium deposits (Additional file 5: Figure
S4A and S4B) and with an unusual fat infiltration (Fig. 3d).
One-month post-injury, the muscles from the WT and
the KI mice were similarly regenerated with centro-
localized nuclei (Fig. 3e, f) without any significant modifi-
cation in the number of the fibers or in the size of the
fibers (Additional file 5: Figure S4C and S4D). However,
the KI muscles displayed a diminished increase in the
myofiber’s capillarization when compared to the WT
group (Additional file 5: Figure S4E). Cytometric analysis
revealed that both of the KI-Pax7 and the WT-Pax7 mice
showed an increase in the number of SCs in the injured
TA 1month post-NTX injury (Additional file 5: Figure
S4F).
The CXCL12 mutant mice exhibited a delay of muscle

regeneration 12 days post-NTX injury, followed by a
complete regeneration after 1 month post-injury.
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Severe damage by freeze injury reveals a persistent
defect in the muscle regeneration of CXCL12 mutant mice
Next, we used a freeze injury (FI) model which induced
a greater destruction of fibers, SCs, and vessels in the
muscles. Twelve days post-FI, the WT mice showed a
regeneration wave composed of necrotic fibers located at
the superficial layer, infiltration of inflammatory cells
into the intermediate layer, and regenerated myofibers in
the deep layer of the tissue (Fig. 4e). Interestingly, in WT
mice, we showed that total CXCL12 gene expression was
upregulated at 12 days post-FI (mean expression relative
to reference gene 0.06 [CI95 0.03–0.08] in uninjured, 1.90
[1.53–2.34] in FI mice, p = 0.03; Additional file 6: Figure
S5A). Among the tested cell types, CXCL12 was specific-
ally expressed by the fibro-adipogenic precursor cells
(FAPs) and the ECs. In addition, the FAPs mainly
expressed the isoform alpha of the CXCL12 gene in

contrast to the ECs that expressed the gamma isoform
(Additional file 6: Figure S5B to S5D). One and two
months post-FI, the muscle was fully regenerated in the
WT mice (Fig. 4i, m). This specific timing of the muscle
regeneration was not observed in the KI mice. At 12 days
post-FI, the KI muscles showed no area of regeneration
(Fig. 4f), had a larger area of fibrosis in the Sirius Red
staining (p = 0.0021; Fig. 4g, q), and displayed an unusual
fat infiltration visualized by Oil Red O staining (p = 0.047;
Fig. 4h, r). Moreover, whereas mutation was not signifi-
cantly associated with a difference in CXCL12 gene
expression in uninjured mice (mean difference KI–WT −
0.03 [CI95 − 0.06–0]; p = 0.27), this expression was signifi-
cantly lower for KI mice post-FI as compared to their WT
countertypes (mean difference KI–WT − 1.08 [CI95 − 1.57
to − 0.65]; p = 0.007; Additional file 6: Figure S5A to S5D).
These regenerative defects lasted up to 2months post-FI

Fig. 3 Muscle regeneration is delayed after a notexin injury in CXCL12Gagtm/Gagtm mice. a–f Representative HE-stained TA sections respectively
before 12 and 30 days post-NTX injury in a, c, e WT (C57Bl6) and b, d, f KI (CXCL12Gagtm/Gagtm) mice. Scale bar represent 100 μm. n = 3 animals
per condition. All the experiments were repeated independently two 49 times
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(Fig. 4j–l, n–p) with a progression of the fibrosis (p =
0.0011; Fig. 4q) and of the fat infiltration (p = 0.0079;
Fig. 4r). The KI mice also exhibited an increase in macro-
phage (F4/80+ cells) infiltration 12 days post-FI when
compared to the WT mice. This continued to increase in
the KI mice 1month post-FI, while they were transient in
the WT mice (p = 0.0079; Fig. 4s). The muscle fibers were
also affected in the KI mice at 1month post-FI. Their size
was reduced (Additional file 6: Figure S5F) and had a

trend of reduced number of capillaries (Additional file 6:
Figure S5G). In addition, we observed a drastic decrease
(− 72 %) in the number of SCs (Additional file 6: Figure
S5H) in the KI muscles when compared to the WT
muscles.
These results suggest that after a severe damage, the

muscle regeneration capacity is severely impaired by the
CXCL12 mutation. Specifically, this pathological repair
affects all actors involved in muscle regeneration,

Fig. 4 Freeze injury induces an impaired muscle regeneration with a long-lasting fibro-adipogenic scar in CXCL12Gagtm/Gagtm mice. Representative
HE-stained TA sections respectively before 12, 30, and 60 days post-FI in a, e, i, m WT (C57Bl6) and b, f, j, n KI (CXCL12Gagtm/Gagtm) mice. Scale bar
represent 100 μm. Representative fibrotic deposit staining (Sirius Red) of c resting, g 12, k 30, and o 60 days post-FI TA from KI mice. Scale bar
represent 100 μm. Representative adipocytic staining (Oil Red O) of d resting, h 12, l 30, and p 60 days post-FI of the TA from KI mice. Scale bar
represent 100 μm. q Fibrosis quantified with Sirius Red positive/negative surface ratio. The mean ratio ± SEM is given for the injured TA from KI
mice at three time points. r Adipose area quantified with Oil Red O positive/negative surface ratio. The mean ratio ± SEM is given for the injured
TA from KI mice at three time points. s Macrophages infiltration quantified by F4/80 positive/negative surface ratio. The mean ratio ± SEM is given
for injured TA from WT and KI mice at three time points. For all quantifications, n = 5 mice per condition and per time point and were repeated
independently two times. *p < 0.05; **p < 0.01
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resulting in fibroadipose deposition and persistent im-
mune cell infiltration, as well as a strong reduction in
the number of SCs.

The unstable vascular network is dysfunctional in the
absence of the CXCL12/HS interaction during muscle
regeneration
To further study the impact of the CXCL12 mutation on
the vascular network during muscle regeneration, we
also performed a FI in WT-Flk1 and KI-Flk1 mice. One
month post-FI, the KI-Flk1 mice exhibited vascular re-
generation defects, including abnormal fusions forming
large syncytia and atrophic vessels (Fig. 5a–f), associ-
ated with an increase in sprouting vessels number com-
pared to the WT-Flk1 mice (p = 0.005; Additional file 7:
Figure S6A).
To investigate the destabilization of the vascular net-

work 1 month post-FI, we performed coupled immuno-
staining of ECs (CD31+) with perivascular cell labeling
of pericytes (NG2+) and smooth muscle cells (α-SMA+).
Regenerative zones in the KI mice showed no difference
with those of the WT mice. We observed that each
muscle fiber was surrounded mostly by capillary struc-
tures and rare arteriolar vessels associated with the
expected pericytes and smooth muscle cells (Fig. 5g–j).
Conversely, in the fibrotic regions observed only in the
KI mice, large vascular structures were identified in the
absence of close contact with perivascular cells (Fig. 5k).
In addition, these vascular structures often appeared
non-permeable, indicating a potentially functional defect
(Fig. 5k).
To further confirm the abnormalities in vascular and

perivascular structures post-FI, muscle samples were
analyzed by scanning electron microscopy (SEM). In the
WT muscles, we observed the specific localization of a
SC. It was located between the basal lamina and the
myofiber and was close to an EC which was covered by
a pericyte (Additional file 2: Figures S6B to S6D). In the
KI muscles, the two different zones of regeneration were
selected. In the regenerated area, the muscle ultrastruc-
ture was similar to the WT muscle (Additional file 7:
Figure S6F). In contrast, in the non-regenerated area, the
number of pericytes identified around the vessels was
significantly reduced compared to the WT muscle (p =
0.004; Additional file 2: Figures S6G and S6H). The EC
was also isolated from the other structures by a large accu-
mulation of fibrotic tissue (Additional file 7: Figure S6G).
To identify the functional impact of the CXCL12 mu-

tation on the vascular network, muscle vascularization
was examined by DCE-MRI comparing the WT and KI
mice (Fig. 5l to n). Despite vascular abnormalities at
resting condition, no significant difference was found in
any functional parameters of the resting muscles of the
KI and the WT mice (Fig. 5l). One-month post FI

muscles from the KI mice exhibited a significant de-
crease in the perfusion parameters when compared to
the WT mice (p=0.01; Fig. 5m and n). The blood flow
between the injured and the contralateral muscle was
lower in the KI group compared to the WT group (WT:
25.31 ± 16.8 mL/min/100mL KI: 17.02 ± 14.338 mL/
min/100mL p=0.04) (data not shown).
These observations suggest that in the absence of

the binding between CXCL12 and HS, the vascular
network displayed local and heterogeneous destabilization
during muscle regeneration. These abnormal vessels,
having lost their cellular contact with the perivascular
supporting cells, lead to a functional defect in muscle
perfusion.

Discussion
Our data indicates that high-affinity CXCL12 binding to
HS plays a critical role in muscle regeneration following
severe injury. However, the interaction does not appear
to be critical in mild injuries nor in limb morphogenesis.
We showed that disruption of the CXCL12/GAG inter-
actions leads to a loss in the regenerative capacity which
involves vascular abnormalities and the persistence of
fibroadipose tissue remodeling.
HS synthesis has been shown to increase and to be

critical in muscle regeneration in mice [20] and in axo-
lotl models [21]. Among the GAG binding moieties, the
CXCL12γ affinity for HS has been shown to be among
the strongest ever reported for a protein [22]. This inter-
action has been proven to create concentration gradients
crucial in the directional migration and the local reten-
tion of cells, as well as, enhancing the presentation of
receptors and protecting ligands from degradation [23].
More specifically, the quantitative modulation of the

CXCL12 signaling axis has already been shown to influ-
ence the kinetics and efficiency of muscle regeneration,
and the volumetric muscle loss of age-associated cach-
exia [13, 24, 25]. CXCL12 has been shown to positively
influence muscle repair by modulating SC migration [13,
24] and fusion [26] and by attracting non-muscle pro-
genitor cells [24] with in vitro dose effects depending on
the CXCL12 matrix adsorption [27]. To our knowledge,
no studies have so far been conducted on the in vivo
confirmation of the necessity of the CXCL12/HS binding
during the muscle repair processes. Overall, the in vivo
study on the CXCL12/GAG interactions which modu-
lates a concertation gradient and/or the presentation of
the molecule by the cell membrane during the skeletal
muscle regeneration is a novelty.
As previously described, CXCL12Gagtm/Gagtm mice

reached the adult state and showed no morphological
changes [14]. More specifically, the KI mice exhibited a
normal histological organization of skeletal muscle.
Although basal transcriptomic analysis of in vivo SCs
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revealed a dysregulation in major intracellular and
developmental-related pathways, the SCs were normal in
location and number. The SCs in vitro demonstrated the
preserved abilities of migration, activation, proliferation,

and early differentiation. Although this in vitro pheno-
type has not been studied in exogenous CXCL12-free
conditions, it is indicative of a lack of cumulative alter-
ations in the KI SCs during muscle damage.

Fig. 5 The abnormalities of vascular structures are associated with an absence of close contact with perivascular cells and with a functional
perfusion defect post-FI in the KI mice. a–f Longitudinal blood vessel organization of the TA respectively before and 30 days post-FI in a, d WT
(Flk1GFP/+) and b, c, e, f KI (CXCL12Gagtm/Gagtm:Flk1GFP/+) mice. Scale bar represent 10 μm. n = 3 animals per condition and per time point. All the
experiments were repeated independently two times. Representative Sirius Red staining 1 month post-FI of the TA from g WT (C57Bl6) and i KI
(CXCL12Gagtm/Gagtm) mice. Scale bar represent 200 μm. Immunostaining for ECs (CD31, red), pericytes (NG2, white), and smooth muscle cells (α-
SMA, yellow) from the indicated zones of h injured TA from the WT, and j the regenerated or k the fibrotic TA from KI mice. Scale bar represent
20 μm. n = 3 animals per condition. All the experiments were repeated independently two times. l, m Direct contrast enhancement MRI
assessment of vascular functionality: vascular tracer signal intensity per number of acquisitions comparing one WT (C57Bl6) to one KI
(CXCL12Gagtm/Gagtm) mouse l before and m after 1 month post-FI. n The mean area under curve (AUC) ± SEM of vascular tracer intensity 1 month
post-FI is given (n = 6 WT mice and n = 7 KI mice). *p < 0.05
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Contrary to the appearance of a normal phenotype of
the KI SCs, the KI mice exhibited minor vascular abnor-
malities in the non-challenged muscle, including an
increase in the number of sprouting vessels. These could
be linked with the presence of tip cells, which could be a
marker of unstable vessels. However, this increased
muscle capillarization did not translate into an enhance-
ment in limb perfusion in the angio-MRI of the uninjured
KI mice, thereby hinting at an inefficient vascularization.
Interestingly, we showed in an in vivo Matrigel plug assay
that the KI vessels exhibited increased angiogenic capacity
only when the KI SCs where used as bait. These results
were contrasting with the transcriptomic analysis of the
ECs from the uninjured KI mice, which revealed the
downregulation of pathways involved in proliferation,
differentiation, and motility. Conversely, no increase in
neoangiogenesis in response to the WT SCs grafted in the
KI mice could be found. This is observed despite other
cells from the KI mouse being free to colonize the Matri-
gel plug and secrete mutated CXCL12. Although the
potent interaction between the SCs and the ECs during
in vivo angiogenesis assay has already been shown [15, 28,
29], the specific activation and response of the KI vessels
only to the KI SCs, which are capable of producing and
releasing mutated CXCL12, as we showed, or other
CXCL12-regulated factors, remains to be explored.
To study the importance of the CXCL12/HS inter-

action during muscle regeneration, we chose two injury
models differing in severity and tissue layer location. We
have previously demonstrated in WT mice that NTX
injury induced a reduced destruction of SCs and vessels
in muscle compared to FI [19]. Contrasting to the
remarkable regenerative capacity of the WT mice, the KI
mice exhibited an impaired regenerative phenotype
which was dependent on the severity of the injury
model. In particular, the NTX-induced injury 12 days
post-injury showed a broader disruption in tissue and
was associated with a temporary adipogenic response in
the KI mice. However, there was a similar adaptive
response in the number of SCs in the KI and the WT
mice. A comparable delay in the post-NTX muscle
regeneration has also been described after the inhibition
of the CXCL12/CXCR4 signaling with a CXCR4 antag-
onist [13]. Interestingly, severely FI muscles from the KI
mice generated large fibrotic zones. This alteration was
associated with the lack of an increase in the number of
SCs in the KI mice. In addition, fibrosis is an active
process which differs from the volumetric loss that is to
be expected if the lack of efficiency of the regenerative
myogenesis steps was the only process involved in the
regeneration. We accordingly broadened the scope of
our study to include cell types associated with fibrosis.
One striking observation in post-FI fibrotic zones was

the infiltration of macrophages into the damaged areas.

This last observation apparently contradicts published
data in which systemic administration of non-HS bind-
ing CXCL12 was shown to inhibit haptotactic leukocyte
migration to sites of inflammation [30]. This discrepancy
could result from design differences between the studies.
In the reported study, the effect of single dose, after 24
h, of a mutated CXCL12 introduced intravenously into
WT mice was studied. Conversely, in our studies, the
persistent expression of a mutated chemokine and the
assessment of macrophage infiltration 12 and 30 days
post-injury were analyzed. The difference in the muta-
tion of CXCL12 involved in both studies could also be
an explanation. The mutated CXCL12 expressed by the
KI mice in our studies has been shown to retain agonist
potency without desensitizing CXCR4 [23], which was
not the case in the other study.
The most salient feature of the pathological phenotype

post-FI was the uncoordinated infiltration of abnormal
vascular structures. Despite the apparently angiogenic-
facilitating phenotype of the KI ECs, their adaptation to
the local needs proved to be defective in the KI mice, as
the grossly misshapen capillaries found 1month post-FI
associated with a decrease in perfusion efficiency in
angio-MRIs. As previously reported when CXCL12 is
overexpressed in models of limb ischemia, it supports
neoangiogenesis by attracting EPCs and by increasing
the number of newly formed vessels leading to an
increase in blood flow [9]. In addition, CXCL12 also
participates in vascular remodeling by recruiting inflam-
matory cells and by directly attracting smooth muscle
cells [31, 32]. More specifically, the disruption of the
CXCL12/GAG interaction also leads to a defect in
angiogenesis and neovascularisation in a limb ischemia
model, which can be rescued by the administration of
exogenous CXCL12γ [14].
Surprisingly, the transcriptomic assay of the uninjured

ECs from the KI mice suggested the possibility that they
might be heavily primed towards extracellular matrix
synthesis, a feature that only appears after severe injury.
This phenotype could be explained by a dysregulation of
the endothelial pericyte and the endothelial smooth
muscle cell interactions. Indeed, pericytes participate in
vascular regulation and stabilization [33], but are also
regulated by the endothelium. Pericytes have been
shown to be one of the major sources of collagen-
producing cells in a kidney fibrosis model [34]. The
alteration of their interactions has been established in
both the capillary rarefaction and in fibrosis induction
[35]. Interestingly, it has been shown that the increased
levels of CXCL12α and the low HS binding isoform of
CXCL12 participate in the kidney and myocardial
fibrosis. It has been shown to directly induce a collagen-
synthetizing phenotype on perivascular cells, a pheno-
type amenable by CXCR4 antagonist therapy [36].
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Additionally, the direct stimulating role of CXCL12 in the
expression of matrix proteases could be hindered and the
fibrosis could result not only from an increase in collagen
expression, but also from its non-degradation [13, 24].
Finally, it has been shown that chemokines cooperate

by directly modifying the availability and gradient forma-
tion of each other through the competition for GAG
adhesion. The exclusion of CXCL12 from this competi-
tion could lead the other chemokines to be perceived
more strongly by their receptors revealing non-CXCL12
effects [37].

Conclusion
The present study shows that CXCL12 is crucial for
proper muscle regeneration. We highlight that this
homing molecule could play an important role in drastic
muscle injuries and that the regeneration defect could
be due to an inefficient angiogenesis. Endothelial cells’
transcriptional priming towards extracellular matrix
synthesis in uninjured KI mice could represent another
facet of vascular involvement in fibrosis, if further exper-
iments were to confirm the actual extracellular matrix
molecule expression. Whether comparable skews towards
fibrosis are observed in otherwise regenerating models
such as hepatectomy following CXCL12/HS interaction
disruption should also warrant further studies. Finally,
understanding whether unbound CXCL12 alone triggers a
profibrotic activity, HS-bound CXCL12 an antifibrotic
activity, or whether an indirect mechanism is at play such
as the displacement from HS disrupting the pattern of
bound molecules could offer new insight in the occur-
rence of pathological scarring.
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Additional file 1: Table S1. Oligonucleotide primers for RTqPCR,
Related to Figures 5, S2, S3.

Additional file 2: Figure S1. (Related to Figure 1). Quantitative
histological and cytometric parameters of the resting muscle from WT
and CXCL12Gagtm/Gagtm mice. Quantification of (A) fibers number and
(B) fibers diameter by Hematoxylin-eosin staining in the uninjured TA
from WT (C57Bl6) and CXCL12Gagtm/Gagtm mice. Three animals (n=3)
were used per condition and were repeated independently two times.
(C) Quantification of Sirius Red positive/negative surface ratio. The mean
ratio ± SEM (3 sections per mice, 10 images per sections) is given for the
uninjured TA from KI (CXCL12Gagtm/Gagtm) mice. (D) Quantification of
vessels number by CD31 immunostaining in the uninjured TA from WT
(C57Bl6) and CXCL12Gagtm/Gagtm mice. Three animals (n=3) were used
per condition and were repeated independently two times. (E) Quantification
of GFP-positive cells by FACS analysis from both the TAs of WT
(Flk1GFP/+) vs. KI (CXCL12Gagtm/Gagtm :: Flk1GFP/+) mice. (n=5 mice
per condition). (F) Quantification of the sprouting vessels number in
the resting muscle of WT (Flk1GFP/+) and KI (CXCL12Gagtm/Gagtm ::
Flk1GFP/+) mice (n=5). Quantification of number of SCs by Pax7/GFP
immunostaining (G) or by FACS analysis (H) in the uninjured TA from

WT (Tg:Pax7nGFP) and CXCL12Gagtm/Gagtm mice (n=5 mice per condition).
Data are given as the mean ± SEM. **** p < 0.0001.

Additional file 3: Figure S2. (Related to Figure 2). CXCL12gagtm/
gagtm and WT satellite cells show identical behavior. (A) Heat map of the
three most up- and down-regulated genes identified by the genome-
wide microarray analysis on FACS-sorted SCs from the uninjured TA of
WT-Pax7 (n=3) and KI-Pax7 (n=3) mice. Expression of genes is presented
as centered and scaled log2 fluorescence intensity (red to yellow key),
each row represents a gene, named by its MGI symbol. Confirmation by
specific RTqPCRs for the three most up-regulated genes (B) and the three
most down-regulated genes (C). Data are represented as the fold change
of expression in KI SCs (n=5) compared to WT SCs (n=5) with the use of
Wilcoxon signed rank test. SCs from (n=3) WT (Tg:Pax7nGFP) and (n=3) KI
(CXCL12Gagtm/Gagtm::Pax7nGFP) were sorted by FACS and plated to
assess their behavior by live videomicroscopy: (D) the velocity, (E) the
onset first cell division and (F) the division rate. (n=100 cells counted). (G)
Quantification by immunostaining 2 days post plating of percentage of
MyoD and Pax7 population in WT vs KI SCs and 4 days post plating of
percentage of Myogenin and Pax7 population in WT vs KI SCs (n=3 mice
per condition and per time point). Data are given as the mean ± SEM. *
p < 0.05; ** p < 0.01.

Additional file 4: Figure S3. (Related to Figure 2). KI ECs display an
increased angiogenic response. (A) Heat map of the three most up- and
down-regulated genes identified by the genome-wide microarray analysis
on FACS-sorted ECs from the uninjured TA of WT-Flk1 (n=3) and KI-Flk1
(n=3) mice. Expression of genes is presented as centered and scaled log2
fluorescence intensity (red to yellow key), each row represents a gene,
named by its MGI symbol. Confirmation by specific RTqPCRs for the three
most up-regulated genes (B) and the three most down-regulated genes
(C). Data are represented as the fold change of expression in KI ECs (n=5)
compared to WT ECs (n=5) with the use of Wilcoxon signed rank test. (D)
Representative immunostaining of matrigel plugs mixed with KI
(CXCL12Gagtm/Gagtm::Pax7nGFP) satellite cells inserted for 3 weeks in KI
(CXCL12Gagtm/Gagtm) mice with endothelial cells (CD31, red) and
myoblasts (Desmin, green). Scale bars represent 10 μm. (E) Quantification
of the CD31 positive/negative surface ratio in matrigel plugs mixed with
the KI (CXCL12Gagtm/Gagtm::Pax7nGFP) or the WT (Tg:Pax7nGFP) SCs
inserted for 3 weeks in either the WT (C57Bl6) or the KI (CXCL12Gagtm/
Gagtm) mice. Data are mean percentage ± SEM (10 fields per matrigel
plug). Five animals (n=5) were used per condition and were repeated
independently two times. Data are given as the mean ± SEM.* p < 0.05;
** p < 0.01.

Additional file 5: Figure S4. (Related to Figure 3). Quantitative
histological and cytometric parameters of the muscle one month post
NTX injury in the WT and the CXCL12Gagtm/Gagtm mice. (A)
Quantification of calcium deposits number by Von Kossa staining in 12
days and one month post NTX injured TA from WT (C57Bl6) and
CXCL12Gagtm/Gagtm mice. Three animals (n=3) were used per condition
and were repeated independently two times. (B) Representative Von
Kossa stained TA section 12 post NTX injury in KI (CXCL12Gagtm/Gagtm)
mice. Scale bar represent 100μm. Quantification of (C) fibers number and
(D) fibers diameter by Hematoxylin-eosin staining in uninjured and post
NTX injured TA from WT (C57Bl6) and CXCL12Gagtm/Gagtm mice. Three
animals (n=3) were used per condition and were repeated independently
two times. (E) Quantification of vessels number by CD31 immunostaining
in the uninjured and the post NTX injured TA from WT (C57Bl6) and
CXCL12Gagtm/Gagtm mice. Three animals (n=3) were used per condition
and were repeated independently two times. (F) Quantification of GFP-
positive cells by FACS analysis per TA of the uninjured and the post NTX
injured WT (Flk1GFP/+) vs. KI (CXCL12Gagtm/Gagtm :: Flk1GFP/+) mice.
(n=5 mice per condition). Data are given as the mean ± SEM. * p < 0.05;
** p < 0.01, *** p < 0.001.

Additional file 6: Figure S5. (Related to Figure 4). Quantitative
histological and cytometric parameters of the muscle one month post FI
in WT and CXCL12Gagtm/Gagtm mice. RTqPCR gene expression in FACS-
sorted MPs, FAPs, SCs, ECs from TA muscle without injury and TA 12 days
post FI from WT-Pax7 and KI-Pax7 with relative expression, represented as
a log2, of total CXCL12 gene (A), alpha CXCL12 isoform gene (B), beta
CXCL12 isoform gene (C) and gamma CXCL12 isoform gene (D). The data
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are represented in Log2 and n=3 animals per condition for uninjured
mice, n=5 animals for injured WT-Pax7 mice and n=6 animals for injured
KI-Pax7 mice. Quantification of (E) the number of fibers and (F) the fiber’s
diameter by Hematoxylin-eosin staining in the uninjured and post FI TA
from WT (C57Bl6) and CXCL12Gagtm/Gagtm mice. Three animals (n=3)
were used per condition and were repeated independently two times.
(G) Quantification of the number of vessels by CD31 immunostaining in
the uninjured and the post FI injured TA from WT (C57Bl6) and
CXCL12Gagtm/Gagtm mice. Three animals (n=3) were used per condition
and were repeated independently two times. (H) Quantification of GFP-
positive cells by FACS analysis per the TA of uninjured and post FI injured
WT (Flk1GFP/+) vs. KI (CXCL12Gagtm/Gagtm :: Flk1GFP/+) mice. (n=5 mice
per condition). Data are given as the mean ± SEM. * p < 0.05; ** p < 0.01,
*** p < 0.001.

Additional file 7: Figure S6. (Related to Figure 5). Quantitative
histological and ultrastructure parameters of the vascular network of
muscle one month post FI in WT and KI mice. (A) Quantification of the
sprouting vessels number one month post FI in the muscle of WT
(Flk1GFP/+) and KI (CXCL12Gagtm/Gagtm :: Flk1GFP/+) mice (n=5). (B and
E) Scanning Electron Microscopy (SEM) sample were selected according
to Sirius Red staining. Scale bar represent 200 μm. (C and D) A set of
representative images of a satellite cell (SC); a myofiber (MF); an
endothelial cell (EC); a pericyte (PC) from WT (C57Bl6) muscle. Scale bar
represent 1 μm. (F-G) Representative images of a SC, a MF a EC and a PC
from two different zones selected on Sirius Red section in KI
(CXCL12Gagtm/Gagtm) muscles: (F) in a fully regenerated area and (G)
in the non-regenerated zone. Scale bar represent 1 μm. (H) Number
of pericytes identified around vessels in the non-regenerated zone of
KI muscle compared to WT muscle one month post FI. Ten fileds
including at least one vessel were randomly counted on each TA
section for each condition (n=3 animals per condition). Data are
given as the mean ± SEM. p < 0.05; ** p < 0.01.

Abbreviations
CXCR4: CXC chemokine receptor type 4; CXCR7: CXC chemokine receptor
type 7; DCE-MRI: Dynamic contrast enhancement magnetic resonance
imaging; EC: Endothelial cells; EPCs: Endothelial progenitor cells; FAPs: Fibro-
adipogenic precursor cells; FBS: Fetal bovine serum; FI: Freeze injury;
GAG: Glycan moiety of proteoglycans; GOBP: Gene Ontology Biological
Pathways; HE: Hematoxylin eosin; HS: Heparan sulfates; KI: Knock-in;
MPs: Macrophage; NTX: Notexin; SCs: Satellite cells; SEM: Scanning electron
microscopy; TA: Tibialis anterior; WT: Wild-type

Acknowledgements
The authors thank Franck Verdonk, Sabine Maurin, Johan Bedel, and Magali
Tichit from the histology service of Institut Pasteur for their excellent
technical support. Authors also thank the PFC, Maryse Moya-Nilges from the
UBI of the Institut Pasteur, and MRI staff of the HEGP.

Authors’ contributions
DH contributed to the data collection, the analysis, the interpretation, and
the manuscript writing. MF and AB established the model and performed
the tests. DH and AB performed the recordings. MF and PR revised the
manuscript. PR and FC designed and supervised the research and the
revision of the manuscript. All authors read and approved the final
manuscript.

Funding
This work was financially supported by AFM-vaincre les myopathies, Fonda-
tion “Les Gueules Cassées,” Institut Pasteur, and Région Ile de France.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
All procedures in this study were approved by the Animal Care and Use
Committee at the Institut Pasteur (CETEA 01332.01).

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details
1Experimental Neuropathology Unit, Institut Pasteur, 75015 Paris, France.
2Viral Pathogenesis Unit, Institut Pasteur, 75015 Paris, France. 3Service
Hospitalo-Universitaire de Psychiatrie, Centre Hospitalier Sainte Anne, 75014
Paris, France. 4Paris Descartes University, Sorbonne Paris Cité, 75006 Paris,
France. 5Service Hospitalo-Universitaire de Neuropathologie, Centre
Hospitalier Sainte Anne, 75014 Paris, France.

Received: 12 March 2019 Accepted: 5 September 2019

References
1. Zammit PS. Function of the myogenic regulatory factors Myf5, MyoD,

Myogenin and MRF4 in skeletal muscle, satellite cells and regenerative
myogenesis. Semin Cell Dev Biol. 2017;72:19–32.

2. Horsley V, Pavlath GK. Forming a multinucleated cell: molecules that
regulate myoblast fusion. Cells Tissues Organs. 2004;176:67–78.

3. Moyle LA, Tedesco FS, Benedetti S. Pericytes in muscular dystrophies. In:
Advances in experimental medicine and biology; 2019. p. 319–44.

4. Rai M, Nongthomba U, Grounds MD. Skeletal muscle degeneration and
regeneration in mice and flies. Curr Top Dev Biol. 2014;108:247–81.

5. Sugiyama T, Kohara H, Noda M, Nagasawa T. Maintenance of the
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in
bone marrow stromal cell niches. Immunity. 2006;25:977–88.

6. Ratajczak MZ, Zuba-Surma E, Kucia M, Reca R, Wojakowski W, Ratajczak J.
The pleiotropic effects of the SDF-1-CXCR4 axis in organogenesis,
regeneration and tumorigenesis. Leukemia. 2006;20:1915–24.

7. Monneau Y, Arenzana-Seisdedos F, Lortat-Jacob H. The sweet spot: how
GAGs help chemokines guide migrating cells. J Leukoc Biol. 2016;99:935–53.

8. Petit I, Jin D, Rafii S. The SDF-1–CXCR4 signaling pathway: a molecular hub
modulating neo-angiogenesis. Trends Immunol. 2007;28:299–307.

9. Hiasa K, Ishibashi M, Ohtani K, Inoue S, Zhao Q, Kitamoto S, Sata M, Ichiki T,
Takeshita A, Egashira K. Gene transfer of stromal cell-derived factor-1alpha
enhances ischemic vasculogenesis and angiogenesis via vascular
endothelial growth factor/endothelial nitric oxide synthase-related pathway:
next-generation chemokine therapy for therapeutic neovasculariz.
Circulation. 2004;109:2454–61.

10. Unoki N, Murakami T, Nishijima K, Ogino K, van Rooijen N, Yoshimura N.
SDF-1/CXCR4 contributes to the activation of tip cells and microglia in
retinal angiogenesis. Investig Ophthalmol Vis Sci. 2010;51:3362–71.

11. Wang L, Guo S, Zhang N, Tao Y, Zhang H, Qi T, Liang F, Huang Z. The role
of SDF-1/CXCR4 in the vasculogenesis and remodeling of cerebral
arteriovenous malformation. Ther Clin Risk Manag. 2015;11:1337–44.

12. De Falco E, Porcelli D, Torella AR, Straino S, Iachininoto MG, Orlandi A, Truffa
S, Biglioli P, Napolitano M, Capogrossi MC, et al. SDF-1 involvement in
endothelial phenotype and ischemia-induced recruitment of bone marrow
progenitor cells. Blood. 2004;104:3472–82.

13. Bobadilla M, Sainz N, Abizanda G, Orbe J, Rodriguez JA, Páramo JA, Prósper
F, Pérez-Ruiz A. The CXCR4/SDF1 axis improves muscle regeneration
through MMP-10 activity. Stem Cells Dev. 2014;23:1417–27.

14. Rueda P, Richart A, Récalde A, Gasse P, Vilar J, Guérin C, Lortat-Jacob H,
Vieira P, Baleux FC, Chretien F, et al. Homeostatic and tissue reparation
defaults in mice carrying selective genetic invalidation of CXCL12/
proteoglycan interactions. Circulation. 2012;126:1882–95.

15. Latroche C, Weiss-Gayet M, Muller L, Gitiaux C, Leblanc P, Liot S, Ben-Larbi S,
Abou-Khalil R, Verger N, Bardot P, et al. Coupling between myogenesis and
angiogenesis during skeletal muscle regeneration is stimulated by
restorative macrophages. Stem Cell Reports. 2017;9:2018–33.

16. Sims DE. The pericyte—a review. Tissue Cell. 1986;18:153–74.
17. Ema M, Takahashi S, Rossant J. Deletion of the selection cassette, but not

cis-acting elements, in targeted Flk1-lacZ allele reveals Flk1 expression in
multipotent mesodermal progenitors. Blood. 2006;107:111–7.

18. Sambasivan R, Gayraud-Morel B, Dumas G, Cimper C, Paisant S, Kelly R,
Tajbakhsh S. Distinct regulatory cascades govern extraocular and
pharyngeal arch muscle progenitor cell fates. Dev Cell. 2009;16:810–21.

Hardy et al. Skeletal Muscle            (2019) 9:25 Page 14 of 15



19. Hardy D, Besnard A, Latil M, Jouvion G, Briand D, Thépenier C, Pascal Q, Guguin
A, Gayraud-Morel B, Cavaillon J-M, et al. Comparative study of injury models for
studying muscle regeneration in mice. PLoS One. 2016;11:e0147198.

20. Casar JC, Cabello-Verrugio C, Olguin H, Aldunate R, Inestrosa NC, Brandan E.
Heparan sulfate proteoglycans are increased during skeletal muscle
regeneration: requirement of syndecan-3 for successful fiber formation. J
Cell Sci. 2004;117:73–84.

21. Phan AQ, Lee J, Oei M, Flath C, Hwe C, Mariano R, Vu T, Shu C, Dinh A,
Simkin J, et al. Positional information in axolotl and mouse limb extracellular
matrix is mediated via heparan sulfate and fibroblast growth factor during
limb regeneration in the axolotl (Ambystoma mexicanum). Regeneration.
2015;2:182–201.

22. Rueda P, Balabanian K, Lagane B, Staropoli I, Chow K, Levoye A, Laguri C,
Sadir R, Delaunay T, Izquierdo E, et al. The CXCL12γ chemokine displays
unprecedented structural and functional properties that make it a paradigm
of chemoattractant proteins. PLoS One. 2008;3:e2543.

23. Connell BJ, Sadir R, Baleux F, Laguri C, Kleman J-P, Luo L, Arenzana-
Seisdedos F, Lortat-Jacob H. Heparan sulfate differentially controls CXCL12 -
and CXCL12 -mediated cell migration through differential presentation to
their receptor CXCR4. Sci Signal. 2016;9:ra107.

24. Brzoska E, Kowalewska M, Markowska-Zagrajek A, Kowalski K, Archacka K,
Zimowska M, Grabowska I, Czerwińska AM, Czarnecka-Góra M, Stremińska W,
et al. Sdf-1 (CXCL12) improves skeletal muscle regeneration via the
mobilisation of Cxcr4 and CD34 expressing cells. Biol. Cell. 2012;104:722–37.

25. Martinelli GB, Olivari D, Re Cecconi AD, Talamini L, Ottoboni L, Lecker SH, Stretch
C, Baracos VE, Bathe OF, Resovi A, et al. Activation of the SDF1/CXCR4 pathway
retards muscle atrophy during cancer cachexia. Oncogene. 2016;35:6212–22.

26. Griffin CA, Apponi LH, Long KK, Pavlath GK. Chemokine expression and control
of muscle cell migration during myogenesis. J Cell Sci. 2010;123:3052–60.

27. Dalonneau F, Liu XQ, Sadir R, Almodovar J, Mertani HC, Bruckert F, Albiges-
Rizo C, Weidenhaupt M, Lortat-Jacob H, Picart C. The effect of delivering the
chemokine SDF-1α in a matrix-bound manner on myogenesis. Biomaterials.
2014;35:4525–35.

28. Christov C, Chrétien F, Abou-Khalil R, Bassez G, Vallet G, Authier F-J, Bassaglia Y,
Shinin V, Tajbakhsh S, Chazaud B, et al. Muscle satellite cells and endothelial
cells: close neighbors and privileged partners. Mol Biol Cell. 2007;18:1397–409.

29. Verma M, Asakura Y, Murakonda BSR, Pengo T, Latroche C, Chazaud B, McLoon
LK, Asakura A. Muscle satellite cell cross-talk with a vascular niche maintains
quiescence via VEGF and notch signaling. Cell Stem Cell. 2018;23:530–543.e9.

30. O’Boyle G, Mellor P, Kirby JA, Ali S. Anti-inflammatory therapy by intravenous
delivery of non-heparan sulfate-binding CXCL12. FASEB J. 2009;23:3906–16.

31. Grunewald M, Avraham I, Dor Y, Bachar-Lustig E, Itin A, Jung S, Yung S, Chimenti
S, Landsman L, Abramovitch R, et al. VEGF-induced adult neovascularization:
recruitment, retention, and role of accessory cells. Cell. 2006;124:175–89.

32. Zernecke A, Schober A, Bot I, von Hundelshausen P, Liehn EA, Möpps B,
Mericskay M, Gierschik P, Biessen EA, Weber C. SDF-1alpha/CXCR4 axis is
instrumental in neointimal hyperplasia and recruitment of smooth muscle
progenitor cells. Circ Res. 2005;96:784–91.

33. Davis GE, Norden PR, Bowers SLK. Molecular control of capillary
morphogenesis and maturation by recognition and remodeling of the
extracellular matrix: functional roles of endothelial cells and pericytes in
health and disease. Connect Tissue Res. 2015:1–11.

34. Lin S-L, Kisseleva T, Brenner DA, Duffield JS. Pericytes and perivascular
fibroblasts are the primary source of collagen-producing cells in obstructive
fibrosis of the kidney. Am J Pathol. 2008;173:1617–27.

35. Lin S-L, Chang F-C, Schrimpf C, Chen Y-T, Wu C-F, Wu V-C, Chiang W-C,
Kuhnert F, Kuo CJ, Chen Y-M, et al. Targeting endothelium-pericyte cross
talk by inhibiting VEGF receptor signaling attenuates kidney microvascular
rarefaction and fibrosis. Am J Pathol. 2011;178:911–23.

36. Jackson EK, Zhang Y, Gillespie DD, Zhu X, Cheng D, Jackson TC. SDF-1α
(stromal cell-derived factor 1α) induces cardiac fibroblasts, renal microvascular
smooth muscle cells, and glomerular mesangial cells to proliferate, cause
hypertrophy, and produce collagen. J Am Heart Assoc. 2017;6.

37. Verkaar F, van Offenbeek J, van der Lee MMC, van Lith LHCJ, Watts AO,
Rops ALWMM, Aguilar DC, Ziarek JJ, van der Vlag J, Handel TM, et al.
Chemokine cooperativity is caused by competitive glycosaminoglycan
binding. J Immunol. 2014;192:3908–14.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Hardy et al. Skeletal Muscle            (2019) 9:25 Page 15 of 15


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Materials and methods
	Mouse experiments and muscle injuries
	Histological staining
	Image acquisition
	Cell sorting and FACS
	Live video microscopy
	In vivo angiogenesis assay
	Vascular functionality imaging
	Microarray analysis
	RTqPCR
	Scanning electron microscopy
	Statistical analysis

	Results
	CXCL12 KI mice resting muscle has a less stabilized vasculature
	The unchallenged SCs retain their adaptive behavior despite transcriptomic changes induced by the CXCL12 mutation
	ECs display an increase in the angiogenic response in resting muscle despite the downregulated transcriptomic changes induced by the CXCL12 mutation
	The regenerative capacity of the CXCL12-mutated mice is delayed after a notexin injury
	Severe damage by freeze injury reveals a persistent defect in the muscle regeneration of CXCL12 mutant mice
	The unstable vascular network is dysfunctional in the absence of the CXCL12/HS interaction during muscle regeneration

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

