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Abstract

Recent observation identifies subendothelial (mural) cells expressing MCAM, a specific sys-

tem of clonogenic, self-renewing, osteoprogenitors (a.k.a, “mesenchymal stem cells”) in the

microvascular compartment of post-natal human bone marrow (BM). In this study, we used

MCAM/CD146, as a marker to localize, isolate and assay subendothelial clonogenic cells

from the microvasculature of postnatal human skeletal muscle. We show here that these

cells share with their BM counterpart, anatomic position (subendothelial/adventitial) and ex

vivo clonogenicity (CFU-Fs). When assayed under the stringent conditions, these cells dis-

play a high spontaneous myogenic potential (independent of co-culture with myoblasts or of

in vivo fusion with local myoblasts), which is otherwise only attained in cultures of satellite

cells. These muscle-derived mural cells activated a myogenic program in culture. Cultured

CD146+ cells expressed the myogenic factors (Pax7, Pax3 and Myf5), NCAM/CD56, des-

min as well as proteins characteristic of more advanced myogenic differentiation, such as

myosin heavy chain. In vivo, these cells spontaneously generate myotubes and myofibrils.

These data identify the anatomy and phenotype of a novel class of committed myogenic pro-

genitor in human post-natal skeletal muscle of subendothelial cells associated with the

abluminal surface of microvascular compartment distinct from satellite cells.

Introduction

Normally a stable tissue that does not undergo significant steady state turnover, skeletal muscle

has a limited capacity for repair and regeneration [1, 2]. Like its physiological postnatal growth,

and its hypertrophy in response to exercise, muscle repair and regeneration are thought to

reflect the biological activity of local progenitor cells [3]. Satellite cells, located beneath the basal

lamina of myofibers, are the best characterized myogenic progenitors in postnatal muscle [4].
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Once activated in response to injury or stimulated to growth, they resume mitotic activity and

generate a pool of myoblasts able to fuse into newly formed myofibers [4, 5].

In spite of their unrivalled myogenic potential, however, satellite cells are unable to cross

vascular wall, thus limiting their efficacy in in vivo transplantation [6–8]. In addition, satellite

cells are not easy to isolate and expand in culture: only recently they have been isolated from

the mouse [9, 10], but not from humans.

Recently, additional postnatal myogenic progenitors have been described to be able to

either regenerate myofibers in vivo or myotubes in vitro (when co-cultured with myoblasts)

[11–15]. In particular, within the postnatal muscle, a myogenic potential has been associated

to a subset of Wnt-inducible CD45+ cells [16], to a class of interstitial multipotent cells (i.e.,
MDSCs, muscle derived stem cells [17, 18]) and to cells defined by their ability to exclude

Hoechst 33342 (i.e., muscle side population, mSP [19, 20]). However, none of the non-canoni-

cal myogenic progenitors described to date in the mouse have been shown to display the inher-

ent, spontaneous myogenic activity characteristic of satellite cells in vitro [10].

Outside of skeletal muscle, either bone marrow (BM) or hematopoietic stem cells have been

shown to contribute to muscle regeneration following transplantation [21]. “Mesenchymal

stem cells” found in the BM ─ also known as bone marrow stromal stem cells (BMSCs), or

skeletal stem cells ─ are the best known, assayable progenitors of mesoderm derivatives in

human postnatal tissues [22]. Capable of generating multiple skeletal tissues (bone, cartilage,

fat, fibroblasts and the hematopoiesis supporting stroma) at the clonal level, BMSCs exhibit

limited myogenic activity only when exposed to the chromatin remodeling effects of the

demethylating agent, 5’-azacytidine [23], or when genetically modified [24]. We have recently

shown that the self-renewing multipotent skeletal stem cells in the postnatal bone marrow are

anatomically and phenotypically identified as a class of subendothelial cells associated with the

abluminal surface of bone marrow sinusoids [25]. These cells can be prospectively isolated

based on the expression of MCAM (the melanoma associated cell adhesion molecule), also

known as CD146.

Here, we show that CD146-expressing subendothelial cells associated with the microvascu-

lature of human post-natal muscle include clonogenic, myogenic progenitors (Muscle Colony

Forming Unit Fibroblastic, M-CFU-Fs). Like BMSCs (but with a distinct differentiation poten-

tial), these cells are phenotypically and anatomically distinct from satellite cells, but share their

inherent myogenic activity in vitro.

Materials and methods

Tissue samples

Normal muscle samples (surgical waste, 1–30x102 mg) from various muscle groups, including

vastus lateralis, quadriceps femoris, triceps brachii, deltoids, gluteus maximus were obtained

from 15 human adult patients (aged from 25 to 65 years) undergoing orthopedic surgery. A

consent was orally requested to the human subjects, providing them an assurance to analyze

the data anonymously. The human subjects provided us with an oral assurance of their willing-

ness to participate in the research. The study on human tissues was approved by the Research

Ethics Committee of Istituto Superiore di Sanità of Rome (approval date September 20, 2016;

Prot. PRE-686/16). Tissues were washed in pH 7.3 Hank’s salt solution without Ca2+/Mg2+

(HBSS, Invitrogen Life Technologies Corp., Carlsbad, California) containing 30mM Hepes

(Sigma, St. Louis, MO), 100U/ml penicillin, 100μg/ml streptomycin (Invitrogen) for 10 min-

utes at room temperature with gentle agitation. For explant cultures, tissues were manually

minced into 1x1mm fragments, and the fragments were placed into 100mm culture dishes

containing complete medium (α-MEM (Invitrogen) supplemented with 20% FBS
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(Invitrogen), 2mM L-glutamine, 100U/ml penicillin, 100μg/ml streptomycin). Explants were

monitored once a day for outgrowth of adherent cells and fresh medium was added every

third day. At sub-confluence, adherent cells were detached by trypsin and re-plated for further

study. Tissue fragments were discarded.

Preparation of single cell suspensions and establishment of cell cultures

Tissues were washed as described above and then manually minced into 1x1mm fragments. To

obtain single cell suspensions, tissue fragments were digested twice with 100U/ml Chlostridium
histolyticum type II collagenase (Invitrogen) supplemented with 3mM CaCl2 in Ca2+/Mg2+-free

PBS (Invitrogen) for 40 min at 37˚C with gentle agitation. The samples were centrifuged at

1000 rpm for 5 min at 4˚C, washed with Ca2+/Mg2+-free PBS, resuspended in PBS, passed

through 18 gauge needles to break up cell aggregates, and filtered through a 70 μm pore-size

cell strainer (Becton Dickinson, Bedford, MA) to obtain a single cell suspension. The total num-

ber of nucleated cells was counted using a haemocytometer. The resulting single-cell suspen-

sions were used either for sorting of CD146+ cells or for establishing non-clonal or multi-clonal

cultures directly. For non-clonal cultures, cells were seeded at a density of 1.6x103-1.6x106 cells/

cm2 in complete medium (described above). For multi-clonal cultures (multi-Colony Forming

Unit-Fibroblastic, multi-CFU-F cultures), single cell suspensions were seeded into 100mm

dishes at a density of 1.6 cells/cm2, and formation of discrete colonies was scored after 14 days.

Cells were cultured in 75 cm2 flasks or in 100mm dishes (Becton Dickinson) containing com-

plete medium αMEM (Invitrogen) with 20% FBS (Invitrogen), 2mM L-glutamine, 100U/ml

penicillin, 100μg/ml streptomycin) at 37˚ in a humidified atmosphere of 95% air, 5% CO2, and

were fed twice weekly thereafter. Multi-clonal cultures were passaged on day 14.

Reagents

Antibodies for cell sorting and flow cytometry are listed in S1 Table. Antibodies for immuno-

histochemistry and immunocytochemistry are listed in S2 Table.

Cell sorting and flow cytometry

For fluorescence-activated cell sorting (FACS), the entire cell suspension obtained from colla-

genase digestion of tissue fragments (~5x106 cells/10x102 mg), was pelleted, resuspended and

preincubated in PBS/1% BSA for 30 min on ice with regular mixing. After washing in PBS,

cells were incubated for 30 minutes on ice with a phycoerythrin (PE)-conjugated anti-human

CD146 monoclonal antibody for separation of cell subsets [25]. CD146+ cells were sorted

using a FACSvantageSE flow cytometer (Becton Dickinson). ~5x104 (~1% of total nucleated

cells) freshly vital CD146+ cells were harvested from the digestion of tissue fragments. For flow

cytometry, the entire human freshly collagenase-released muscle cell suspensions before cul-

ture, were pre-incubated in PBS/1% BSA for 30 min, then for 30 min on ice with antibodies

for analysis of cell subsets co-expressing CD146 along with N-CAM/CD56, a marker of satel-

lite cells, Alkaline Phosphatase (ALP) and CD34 as a marker of endothelial cells (listed in S1

Table). Expression of markers was assessed by using a FACSCalibur flow cytometer and Cell-

Quest software (Becton Dickinson Biosciences, San Diego, CA).

Colony forming efficiency assay

Colony Forming Efficiency (CFE) assays were performed with CD146+ and CD146- fractions

obtained by cell sorting, and unfractionated total cells. CD146+ cells were seeded at 1.6–3.3

cells/cm2. Cells from the CD146- fraction and unsorted total cells were seeded at an equivalent
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or higher density (1.6–1.6x105 cells/cm2) and grown under identical conditions. After 14 days,

CFE was determined as the mean number ± SD of Giemsa-stained colonies (>50 cells)/

102−105 cells initially plated. Assays were done at least in triplicate.

Analysis of cell proliferation

Muscle clonal cell cultures were plated at a density of 1.6x10 cells per cm2 in complete medium

containing αMEM (Invitrogen) with 20% FBS (Invitrogen), 2mM L-glutamine, 100U/ml peni-

cillin, 100μg/ml streptomycin. At each passage, the number of cells was counted in triplicate in

a haemocytometer.

In vitro myogenic differentiation assays

Spontaneous myogenic differentiation was assessed by plating cells onto MatrigelTM coated

dishes, with DMEM/2% Horse Serum (HS), or on plastic with MEM/20% FBS at clonal den-

sity. After 7 days, cultures were fixed and labeled for immunofluorescence with a monoclonal

antibody against striated myosin heavy chain (MyHC). Efficiency of myogenic differentiation

was estimated as the % of DAPI+ nuclei found within myosin positive myotubes. Fluorescence

images were obtained using Nikon Eclipse TE2000 Inverted Microscope (Nikon Inc., Melville,

U.S.A.). For the statistical analysis see below.

In vivo transplantation assays

Heterotopic in vivo myogenesis: to assess myogenic potential 1x106 cells from multiclonal cul-

tures of human M-CFU-F CD146+ sorted cell cultures and dermal fibroblast cultures, were

suspended in 1 ml of MatrigelTM Growth factor-reduced (BD Biosciences Labware, San Diego,

CA). Aliquots of ~0.7 ml were injected in the subcutaneous tissue of the back of SCID/beige

mice (CB17.Cg-PrkdcscidLystbg-J/Crl, Charles River, Wilmington, Massachusetts).

For in vivo transplantation assays, all animal procedures were approved by the relevant

institutional committees (DM n. 98/2011-A, Italian Minister of Health). Briefly, operations

were performed under sterile conditions under anesthesia achieved by intramuscular injection

of a mixture of Zoletil 20 (Virbac; 5 mL/g of body weight) together with Rompun (Bayer; 1

mL/Zoletil 20 bottles). The mouse back was disinfected with betadine and midlongitudinal

skin incisions of about 1 cm in length were made on the dorsal surface of each mouse. Subcu-

taneous pockets were formed by blunt dissection. A single transplant was placed into each

pocket with up to four transplants per animal. The incisions were closed with surgical staples.

Mice were euthanized by cervical dislocation after 21 days and transplants were harvested and

immediately fixed for histology. Human dermal fibroblasts were used as a negative control.

Normal human dermal fibroblasts were purchased from PromoCell GmbH, Heidelberg, Ger-

many. After isolation in primary culture, were cultured in Dulbecco’s modified Eagle’s

medium (DMEM)-high glucose (Invitrogen), supplemented with 2 mM glutamine.

Orthotopic in vivo myogenesis, cardiotoxin (CTX) model: to assess myogenic potential,

human muscle-derived CD146+ cell populations were injected intramuscular into the left tibia-
lis anterior of 2-month-old female SCID/beige mice (CB17.Cg-PrkdcscidLystbg-J/Crl, Charles

River, Wilmington, Massachusetts) injured 1 day earlier by an intramuscular injection of CTX

(Latoxan, Valence, France; [26]). Human dermal fibroblasts were used as a negative control.

Immunohistochemistry and immunolocalization studies

Samples of human skeletal muscle, and heterotopic transplants were snap-frozen in OCT

embedding medium in liquid nitrogen and cryostat sectioned serially, or alternatively fixed in
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4% formaldehyde in phosphate buffer, and processed for routine paraffin embedding. Five-μm

thick paraffin sections were used for histology staining (H&E), immunofluorescence and

immunoperoxidase studies. All primary antibodies used for immunolocalization studies are

listed in S2 Table and were used as per standard immunoperoxidase (DAB reaction) or immu-

nofluorescence protocols. Secondary antibodies labeled with Alexa Fluor 594 and 488 were

from Molecular Probes (Invitrogen, Carlsbad, CA). Nuclei were stained by DAPI or propi-

dium iodide (Sigma). Fluorescence images-stacks were obtained using confocal microscopy

laser scanning (Leica TCS SP5, Leica microsystems, Mannheim, Germany). Brightfield light

microscopy images were obtained using Zeiss Axiophot microscope (Carl Zeiss, Germany).

Karyotype analysis

Muscle-derived CFU-Fs CD146+ cells were karyotyped at a late passage. Cells were processed

with the Karyomax kit (Invitrogen, Paisley, UK) according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis was performed by one-way ANOVA and subsequently by Bonferroni post-

tests. Differences are considered statistically significant at p�0.05.

Results

Adult skeletal muscle contains subendothelial CD146+ cells and Colony

Forming Units-Fibroblastic (CFU-Fs)

Immunohistochemical survey of human skeletal muscle revealed that CD146+ cells reside spe-

cifically in microvascular walls in a subendothelial position (Fig 1A and 1B), reminiscent of

the subendothelial position of CFU-Fs in BM sinusoids [25]. Using FACS analysis of cellular

suspension, as obtained by the digestion of muscle tissue, we analyzed the expression of CD34

as a marker of endothelial cells, NCAM (also known as CD56), a marker of satellite cells, and

Alkaline Phosphatase (ALP), a pericyte and muscle “mesenchymal stem cells” marker [26],

along with CD146. The Fig 1C shows that CD146 and CD56 were not co-expressed in the

unsorted collagenase released muscle cells. In contrast, a proportion of CD146+ cells co-

expressed Alkaline Phosphatase and CD34. Dual label FACS analysis of collagenase-released

cell suspensions demonstrated that ~50% of the total CD146-expressing population co-

expressed CD34 and ~25% of the total CD34-expressing population co-expressed CD146.

These results identified three distinct subsets of cells expressing at least one of the two markers

(CD146+/CD34-; CD146+/CD34+; CD146-/CD34+). When CD146+/CD34-, CD146+/CD34+,

and CD146-/CD34+ were separately sorted and plated in culture at clonal density, CD146+/

CD34- cells efficiently formed fibroblastic colonies, whereas CD146+/CD34+ cells formed rare,

small colonies comprised of sparse cells. Cell morphology was clearly distinct in colonies of

CD146+/CD34- cells vs CD146+/CD34+ cells. The latter could not be further passaged and

expanded, consistent with the use of culture conditions (αMEM/20%FBS) that are not condu-

cive for endothelial cell growth CD146-/CD34+ cells (data not shown). In muscle cells, FACS

analysis revealed an overall frequency of ~1% CD146+ cells (Fig 1C and 1D). To determine if

skeletal muscle would include clonogenic adherent cells (Muscle-CFU-Fs, M-CFU-Fs), similar

to those found in the postnatal BM, we conducted CFE assays with single cell suspensions gen-

erated by digesting muscle fragments with collagenase. When unsorted collagenase released

cells were plated directly onto plastic at clonal density, discrete colonies formed (Fig 1D), with

an average frequency of 2±1.7 colonies/102 plated cells (n = 4).
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Fig 1. Cells expressing CD146 in the vascular walls of human adult skeletal muscle. Identification of M-CFU-Fs as

subendothelial CD146+ cells. A) Immunolocalization of CD146 in human adult skeletal muscle. Immunoreactivity is restricted to

microvascular walls. endo, endothelial cell nucleus. arrow, subendoethelial cell nucleus. Scale bar = 10 μm. B) Localization of

CD146 and CD34 in muscle sections. Detail of a capillary, adjacent to a myofiber. Overview demonstrating that endothelial cells

[(endo) in B] express CD34 but not CD146. Subendothelial pericytes [(peri) in B] express CD146. Scale bar = 10 μm. C) In muscle

cells, expression of CD146, CD56, ALP and CD34 by FACS fluorescent. Expression of CD146 and CD56 is mutually exclusive in

distinct cell subsets, with no co-expression. Co-expression of CD34 and ALP along with CD146, in human muscle cell
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Prospective isolation of muscle CFU-Fs by immunoselection for CD146

To determine if muscle-derived CFU-Fs would be comprised in a CD146-expressing subset of

cells, sorted, collagenase-released cells were plated in culture at clonal density of 1.6 cells/cm2,

harvested at 14 days (Fig 1D). Approximately 45% (44.4±3.6; mean±SD; n = 3) of sorted

CD146+ cells were clonogenic when plated at clonal density directly on uncoated plastic. In

contrast, no colonies formed when CD146- cells were plated on uncoated plastic at the same or

higher (up to 4-log) density (n = 3), indicating that all CFU-Fs in muscle are comprised within

the CD146+ subset (Fig 1D). Cells displayed a characteristic CFU-F whorled pattern (Fig 1E).

The primary cultures, generated by seeding cells at clonal density (1.6 cells/cm2) were har-

vested at 14 days, and the cell strain analyzed by FACS. FACS analysis (Fig 1F) demonstrated

that endothelial and hematopoietic markers (CD31, CD34, CD133, CD45) were not expressed

in the multi-clonal cell strains obtained by combining multiple colonies. In contrast, multiple

markers of “mesenchymal stem cells”, such as CD44 (hyaluronan receptor), CD90 (Thy-1),

CD49a (α1 integrin subunit) and Alkaline Phosphatase (ALP) were expressed along with

CD146. Note that a similar profile was observed in cell strains derived from explant cultures

(Fig 2A), which only differed from CFU-F-derived multi-clonal strains by a comparatively low

expression of CD146 (10–45% vs >90%). When grown in standard media, muscle CFU-Fs

(CD146+) generated by seeding cells at clonal density, rapidly proliferate. Most cells main-

tained a triangular, refractile morphology and a high proliferation rate for approximately 10

population doublings (Fig 1G).

Muscle-derived mural cells activate spontaneously a myogenic program in

culture

Unsorted, collagenase-released cells were plated in culture at clonal density of 1.6 cells/cm2,

harvested at 14 days, and analyzed for CD146 expression by FACS. For comparison, the % of

CD146+ cells was determined in cells obtained from CD146+ cells sorted and primary explant

culture. This revealed that greater than 95% of the cells generated by M-CFU-Fs (i.e., from

cells generating colonies when plated at a clonal density of 1.6 cells/cm2) expressed CD146

(Fig 3A). The % of CD146+ cells in the cultures declined as a function of increasing plating

density, reaching ~65% in a primary culture generated by seeding cells at a definitively non-

clonal density (1.6x104 cells/cm2). The lowest % (~10–43%) was observed in cell strains gener-

ated by explants (Fig 2B). Taken together, these data indicated that not only were all

M-CFU-Fs comprised in the sorted CD146+ fraction, but that establishing a primary

M-CFU-F culture at clonal density from unfractionated collagenase-released cells in fact

selected for CD146-expressing cells, resulting in a cell strain in which >95% of the cells

suspensions before culture. CD146 is expressed in certain subsets of endothelial cells and ALP+ cells. D) Isotype control and FACS

analysis of collagenase-generated cell suspensions of muscle, demonstrating an ~1% fraction of CD146-expressing cells. Freshly

isolated muscle CD146+ cells were plated at clonal density (1.6 cells/cm2). At clonal density, muscle CD146+ but not muscle

CD146- cells formed discrete fibroblastic colonies (arrows point to colonies, Giemsa stain). CFE assay of unsorted total cells,

FACS-sorted CD146+ cells and CD146- cell subsets. All muscle CFU-Fs are found in the CD146-expressing subset of muscle cells.

Representative cultures are shown. Discrete fibroblastic colonies formed by plating collagenase-released muscle cells at clonal

density (1.6 cells/cm2). E) Cell morphology in single colonies generated by CD146+ muscle-derived clonogenic cells at 14 days

(scale bars, 200 μm) in culture, in 20% serum, and on plastic. Developing colony photographed 9 days after plating (a). Fully

developed colony photographed at day 14 after plating (b). Both demonstrating the characteristic whorled pattern and fibroblast-

like cell morphology. F) FACS analysis of a multi-clonal strain obtained by combining multiple primary colonies. Note high

expression of multiple markers of BM-derived CFU-Fs (and “mesenchymal stem cells”), CD44, CD90, CD105, CD49a, ALP, and

high/bright expression of CD146. Endothelial (CD34, CD133) and hematopoietic markers (CD45) are negative. G) Proliferation

curve of muscle-derived CD146+ multi-clonal cell strain. Fig 1A is excluded from this article’s CC BY license. See the

accompanying retraction notice for more information.

https://doi.org/10.1371/journal.pone.0188844.g001
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expressed CD146. In contrast, a substantial proportion (34–57%) of cells in non-clonal cul-

tures (plated at 1.6x104 cells/cm2 or explant cultures) fail to express CD146 (Fig 2B). The in
vitro myogenic capacity of (i) M-CFU-Fs, (ii) CD146+ cells sorted from muscle, and (iii) cul-

tures derived from muscle explants was tested under stringent conditions (i.e., in the absence

of exogenous myoblasts, independent of cell fusion with myoblasts in co-culture [10]). In

M-CFU-F cultures and CD146+ sorted cells highly efficient myogenesis was observed sponta-

neously; i.e., by plating cells on plastic with MEM/20% FBS at clonal density with no recourse

to canonical differentiation conditions (2% horse serum on MatrigelTM [26]). M-CFU-Fs and

CD146+ cells sorted from muscle readily and efficiently generated myotubes in culture (20–

40% nuclei incorporated into myofibers) (Fig 3B and 3C). This suggested that simple culturing

Fig 2. Human muscle cell strains generated by explants cultures. A) In vitro FACS characterization of human muscle cell

strains generated by explants cultures. B) The % of CD146+ cells in the cultures declined as a function of increasing plating

density, reaching ~65% in in vitro characterization of human muscle a primary culture generated by seeding cells at a definitively

non-clonal density (1.6x104 cells/cm2). The lowest % (~43%) was observed in cell strains generated by explants. A substantial

proportion (34–57%) of cells in non-clonal cultures (plated at 1.6x104 cells/cm2 or explant cultures) fail to express CD146+. C)

Conventional in vitro myogenic differentiation assays were assessed by plating muscle-derived CFU-Fs CD146+ cells onto

MatrigelTM coated dishes, with DMEM/2% Horse Serum. After 7 days, extensive formation of myotubes expressing specific

myogenic markers were observed. No myogenic differentiation was observed with non-muscle fibroblasts derived cell strain.

MyHC, Myosin Heavy chain, Scale bar = 120 μm.

https://doi.org/10.1371/journal.pone.0188844.g002
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Fig 3. Muscle CFU-F-derived cells are spontaneously myogenic in culture. A) Expression by FACS of CD146 and B-C) by fluorescent

immunocytochemistry generation of myofibers in cultures of CD146-sorted muscle CFU-Fs, unsorted muscle CFU-Fs, muscle explant

cultures and skin fibroblasts. Only rare myotubes are observed in cultures of muscle explant cultures. Data are expressed as percentage

double positive cells MyHC/Dapi (***P< 0.001). Data are shown as mean ± standard deviation (SD). Scale bar = 120 μm. D) Sorted and
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in αMEM/20% serum was sufficient to induce myogenic differentiation in muscle-derived

CD146+ cells. No myogenic activity was observed in cultures of human dermal fibroblasts-

derived cultures (Fig 3B and 3C) or with CD146+ BM-derived cells (data not shown). Immu-

nofluorescence analysis of myogenic differentiation revealed sparse myofibers in muscle

explant cultures (<10% conversion; Fig 3B). In parallel experiments, the in vitro myogenic

capacity of CD146+ cells sorted from muscle was tested using canonical differentiation condi-

tions (Fig 2C). Cultures established from purified CD146+ cells progressively turned on the

expression of CD56, PAX7, PAX3, Myf-5, Desmin (Fig 3D). Terminal differentiation into

myotubes could be achieved by replating sub-confluent cultures at very high density with high

serum (Fig 3E). Human skeletal muscle cells, generated by pooling colonies of M-CFU-Fs,

after 10 population doublings, maintained an euploid number of chromosomes (Fig 3F). To

examine tumorigenicity, 2x106 cells were transplanted subcutaneously into SCID/bg mice.

Injected mice were maintained up to 2 months after the transplantation and none of them

developed any visible tumor that could be detected macroscopically at autopsy (data not

shown).

Muscle CFU-Fs are spontaneously myogenic in vivo
To assess myogenic potential of human muscle-derived CD146+ cell populations we used a

stringent in vivo myogenesis assay (Fig 4A) which excludes fusion between donor cells and host

myoblasts. To this end, we suspended equal numbers of cultured muscle-derived CD146+ cells

in growth factor reduced MatrigelTM, and injected the resulting suspension into the epifascial

space of the back of SCID/beige immunocompromised mice. The injected cells were harvested

3 weeks later for immunohistochemical studies (Fig 4A). No myogenic differentiation was

observed with CD146+ BM-derived cells (data not shown) or human dermal-derived fibroblasts

used as negative controls (Fig 4B). In contrast, in parallel experiments, plugs demonstrated that

muscle CD146+ cells had efficiently generated clusters of myotubes, myofibers (Fig 4C) and a

unique form of spheroidal syncytia expressing a differentiated muscle phenotype [desmin,

MyHC, CD56, spectrin, dystrophin, myoglobin; (Fig 4C)] and syncytia myotubes [propidium

iodide, human lamin A/C; (Fig 4C)] indicating that the in vivo myogenic capacity of human

muscle CD146+ cells is independent of fusion with local myoblasts under these experimental

conditions. The myosac phenotype may result from spontaneous contraction of the myotube

poorly adhering to the substrate and obviously not constrained by tendons.

Muscle-derived CD146+ cells contribute to myofibers and satellite cells in
vivo
Cultured muscle-derived CD146+ cells were injected intramuscular into CTX-injured tibialis
anterior muscle of SCID/bg immunocompromised mice. The injected tibialis anterior muscle

and the un-injected contralateral tibialis anterior muscle as control, were harvested 1 month

later for immunofluorescence studies. Cells expressing human lamin A/C were easily identi-

fied in the transplanted muscle, where they resided mostly in the interstitium, or in walls of

blood vessels, or in a position consistent with satellite cells (Fig 5A), revealing an efficient

cultured CD146+ human muscle-derived cells progressively turn on expression of myogenic markers PAX7, PAX3, Myf5, CD56, Desmin

and MyHC, as verified by fluorescent immunocytochemistry. Scale bar = 120 μm, 60 μm. E) Terminal differentiation into myotubes could

be achieved by replating CD146+ muscle-derived clonogenic cells at very high density with high serum. Multinucleated myotubes are

obvious after Giemsa staining and expressing MyHC. F) Karyotype of human skeletal muscle cells generated by pooling colonies of

M-CFU-Fs, after 10 population doublings, showed an euploid number of chromosomes. The Fig 3B skin fibroblasts panel is excluded from

this article’s CC BY license. See the accompanying retraction notice for more information.

https://doi.org/10.1371/journal.pone.0188844.g003
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Fig 4. CD146+ mural cells are spontaneously myogenic in vivo. To assess myogenic potential of human muscle-

derived CD146+ cell populations we used a stringent in vivo myogenesis assay. A) In a heterotopic transplantation

assay, CD146+ muscle cells were suspended in growth factor-reduced MatrigelTM and injected into the epifascial space
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incorporation of donor nuclei. Cells in a satellite position also expressed the human satellite

cell marker, hCD56 (Fig 5B). Clusters of myofibers expressing human-specific dystrophin and

spectrin were generated (Fig 5C). Fibers expressing human specific dystrophin and spectrin

(Fig 5D) demonstrated contribution of transplanted cells to regenerating fibers into injured

muscle. In contrast, human dermal fibroblasts, used as negative control, failed to contribute to

regenerating muscle (Fig 5).

Discussion

Identification of myogenic progenitors in post-natal tissues is of paramount importance for

the prospective potential of tackling severe muscle disorders such as muscular dystrophy

through cell therapy [8]. To date, satellite cells [4] represent the only unequivocally character-

ized post-natal myogenic progenitor that may be endowed with sizable spontaneous myogenic

activity [10, 14, 27]. Satellite cells are primarily defined by their location over the surface of

myofibers, underneath their basal lamina [4] and expression of different non-unique markers

such as Pax7, NCAM, M-cadherin, syndecans, which have been mostly characterized in mice.

However, their use in future cell therapy protocols is limited because satellite cells (i.e.,
NCAM/CD56+ cells) are not easy to isolate, must be expanded on collagen-coated dishes, and

lose their myogenic potency in vivo following expansion in culture. In addition, they are

unable to cross the vessel wall [7].

Thus, the search for non-canonical myogenic progenitors finds an applicative horizon in

the feeble regenerative potential of satellite cells once transplanted in vivo. Some of these non-

canonical progenitors are derived from muscle itself, such as the mSP [19] or the MDSCs [17,

18, 28]. Others may represent the myogenic activity of non-muscle cells, including hematopoi-

etic cells and their progenitors [21, 29, 30]. Of note, all these non-canonical myogenic progeni-

tors were shown to induce the expression of donor markers in regenerating myofibers

following in vivo transplantation, or to be incorporated into newly formed myofibers when co-

cultured with myoblasts. Unfortunately, none of them was shown to be endowed with the

spontaneous myogenic activity characteristically displayed by satellite cells [10, 14, 27] in in
vitro differentiation assays that do not involve co-culture with myoblasts [31]. Results of in
vivo transplantation, therefore, correlate with results of in vitro co-culture assays better than

with the inherent myogenic property of test cells, as probed by in vitro myogenesis assays of

purified populations in the absence of exogenous myoblasts. Muscle fibers are natural syncytia,

arising from cell fusion. In vivo transplantation assays for muscle differentiation, particularly if

conducted in the context of muscle damage in a recipient animal, may reflect the propensity of

the test cell strain for cell fusion, rather than an inherent myogenic ability thereof. A number

of different cell types can actually fuse with myoblasts [10], either in culture or in vivo, without

implying an inherent myogenic capacity other than the one directly induced by cell fusion. We

have observed that fully tumorigenic cell lines can efficiently incorporate into damaged and

regenerating muscle of recipient mice, and contribute donor markers to newly formed

of the back of SCID/beige mice, and harvested 3 weeks later. Plugs harvested demonstrated that: B) No myogenic

differentiation was observed with human dermal-derived fibroblasts, while remaining viable in the plug; C) In vivo
activation of a myogenic program in CD146+ muscle cells. Human CD146+ muscle cells revealed an extensive

formation not only of myotubes expressing human-specific myogenic markers, desmin, MyHC, CD56 (counterstained

with hematoxylin), spectrin, dystrophin, myoglobin, but even of striated myofibers (black arrows) and non-

conventional muscle structures (syncytia myoglobes, red arrows), as demonstrated by H&E staning. Scale bar = 80 μm,

75 μm, 50 μm, 40 μm, 25 μm, 10 μm, 5 μm. The Fig 4B lower right-hand Matrigel panel and Fig 4C myoglobes &

myofibers panels are excluded from this article’s CC BY license. See the accompanying retraction notice for more

information.

https://doi.org/10.1371/journal.pone.0188844.g004

PLOS ONE Muscle progenitors in the microvascular compartment of human post-natal skeletal muscle

PLOS ONE | https://doi.org/10.1371/journal.pone.0188844 November 29, 2017 12 / 17

https://doi.org/10.1371/journal.pone.0188844.g004
https://doi.org/10.1371/journal.pone.0188844


myofibers, while not exhibiting any myogenic potential in vitro (data not shown). Paradoxi-

cally, and at variance with other systems in which in vivo assays are crucial for investigating

properties of stem/progenitor cells, in vitro assays of myogenic differentiation may be more

stringent than in vivo studies.

Here, we have shown that a population of cells that is anatomically and phenotypically dis-

tinct from satellite cells, but endowed with a comparable spontaneous myogenic activity in cul-

ture, can be isolated from the interstitium of adult human skeletal muscle by virtue of their

Fig 5. In vivo generation of satellite cells, microvascular cells and contribution to regenerating myofibers in a model of muscle

damage by transplanted CD146+ cells. Muscle-derived CD146+ cells were injected intramuscular into cardiotoxin-injured muscle

tibialis anterior of SCID/beige mice, injured 1 day earlier by an intramuscular injection of CTX. A) After 4 weeks transplanted human

muscle-derived cells, identified by expression of human Lamin A/C (red), were distributed to the interstitium (arrow), but also to the

surface of myofibers (MF; green) in a satellite cell-like position (arrowhead), and to walls of small blood vessels (bv, double arrows).

Scale bar = 110 μm, 100 μm, 50 μm, 40 μm. B) Cells in a satellite cell-like position express human CD56 (red). Scale bar = 150 μm,

70 μm, 40 μm. C) Cells blood vessel walls (bv) express human CD146 (red, arrowhead). The inset shows immunoreactivity of CD146

was restricted to microvascular walls of the interstitial tissue. D) Clusters of myofibers expressing human dystrophin 3 and spectrin

(red) were generated by muscle CD146+ cells by in vivo transplantation into SCID/beige/CTX-treated mice (DAPI: nuclear stain).

Scale bar = 350 μm. Human dermal fibroblasts were used as negative control. Scale bar = 280 μm. The Fig 5D hSpectrin Laminin Dapi

panel is excluded from this article’s CC-BY license. See the accompanying retraction notice for more information.

https://doi.org/10.1371/journal.pone.0188844.g005
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expression of CD146. Satellite marker (NCAM/CD56) was not expressed in the unsorted colla-

genase released muscle cells, along with CD146. Expression of CD146 and CD56 is mutually

exclusive in distinct cell subsets, with no co-expression. In contrast, a proportion of CD146+

cells co-expressed Alkaline Phosphatase, a pericyte/muscle “mesenchymal stem cells” marker

[26] and CD34, a marker of endothelial cells. CD146 subset accounts for ~1% of collagenase-

released mononuclear cells in human muscle, and includes a significantly high proportion

(>40%) of cells able to establish discrete clonal colonies of fibroblast-like cells (CFU-Fs) on

plastic. The progeny of muscle CFU-Fs undergoes myogenic conversion at a high rate (>30%)

by plating cells on plastic with MEM/20% FBS with no recourse to canonical differentiation

conditions (2% horse serum on MatrigelTM) and with no requirement for co-culture with

myoblasts. Moreover, sorted and cultured CD146+ human muscle-derived cells, in the absence

of any other cell type, were dramatically myogenic [13].

Their ability to form fibroblastic colonies, their phenotype noted for high expression of

CD146, and their subendothelial position in vivo establish a remarkable kinship between mus-

cle CFU-Fs cells and bone marrow CFU-Fs. The latter, however, are not spontaneously myo-

genic both in vitro and in vivo [32].
MCAM/CD146, a cell adhesion molecule of the immunoglobulin superfamily [33], is

expressed in the myotome [34] as well as by human fetal muscle myoblasts, but is reported to be

downregulated in postnatal human myoblasts [35]. Satellite cells, the only known myoblast-like

cells in postnatal muscle, are identified by NCAM/CD56 immunoreactivity and located over the

surface of myofibers, underneath their basal lamina [4]. CD146 immunoreactivity is restricted to

cells of the microvascular walls. These include a subset of subendothelial pericytes. Myogenic

cells derived from muscle CFU-Fs do not express CD34, and the culture conditions employed to

grow them are not conducive for endothelial cell growth. Accordingly, the spontaneous myo-

genic activity of cells isolated as CD146+ revealed by our data can be ascribed solely to non-endo-

thelial, vessel-associated progenitors that are capable of clonal growth on plastic and do not

express CD34. Taken together with our localization results, our data identify subendothelial peri-

cytes of human muscle as a specific population of myogenic progenitors, anatomically associated

with vascular walls rather than with myofibers, and distinct from satellite cells both spatially and

phenotypically. However, whether an inherent myogenic potential is also associated with

CD146-expressing endothelial cells cannot be conclusively excluded by our data, as it may be

concealed due to the culture conditions employed, which were not conducive for endothelial

growth. Some somite derived myogenic progenitors do display a potential for endothelial differ-

entiation. Evidence available for the existence of myogenic progenitors within the wall of the dor-

sal aorta in the AGM region [36] might also be related to an inherent myogenic potential of a

subset of embryonic endothelial cells. Evidence exists that myogenic cells can be related to the

endothelial cell lineage in human skeletal muscle [37]. These authors show that myogenic cells

are contained in endothelial cell lineage CD56+/CD34+ from muscle [37]. An inherent myogenic

potential of any post-natal endothelial cell subset remains, however, to be directly demonstrated.

The developmental origin of myogenic cells in the muscle microvasculature awaits direct

demonstration. Conceivably, a subset of myoblasts may be recruited to a pericyte fate during

development and growth, possibly via specific interactions with endothelial cells of nascent or

growing blood vessels. Recruitment of mesenchymal cells to a pericyte fate during vasculogen-

esis and angiogenesis is regulated by a close interaction of endothelial cells with the surround-

ing cells, and is mediated by the concerted action of a narrow range of local factors including

FGF-2, PDGF-BB and TGF-β [38, 39]. Whereas FGF-2 promotes the growth of presumptive

pericytes, PDGF-BB mediates their recruitment to the vascular wall. TGF-β, activated at sites

of contact between the endothelium and the presumptive pericytes, induces their mitotic qui-

escence and stabilizes the vessel. Through similar mechanisms, pre-natal myoblasts might
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remain associated with the muscle vasculature during development and growth as mitotically

quiescent pericytes, and be prevented from entering or completing their myogenic differentia-

tion. In this view, two anatomically and phenotypically distinct classes of assayable, myoblast-

derived, myogenic progenitors—satellite cells and pericytes—would be retained within differ-

ent ‘niches’ in the post-natal muscle through a spatial selection mechanism. This would imply

their interaction with myofibers or vessel walls, respectively, and a distinct repertoire of adhe-

sion molecules mediating the respective interaction. The mutually exclusive expression of

NCAM and MCAM in satellite cells and myogenic pericytes, respectively, might reflect or

mediate such events. The reported expression of MCAM in myotome cells [34] and embryonic

myoblasts [35], would be consistent with an origin of myogenic cells in the vascular wall from

embryonic myoblasts, and thus ultimately from somites. However, it should be noted that

MCAM marks pericytes or subendothelial cells in a number of other tissues, including the

bone marrow, periosteum and dermis. Likewise, MCAM expression per se does not reflect an

inherent myogenic potential and does not provide a marker of myogenic cells across different

mesodermal tissues [32]. Unlike their muscle cognates, MCAM-expressing CFU-Fs from the

bone marrow are not spontaneously myogenic, while capable of forming skeletal tissues in
vivo. Conversely, the lack of an in vivo skeletogenic potential of muscle CFU-Fs [32] indicates

that MCAM is neither a marker of functionally homogeneous “mesenchymal stem cells” across

different tissues. Rather, MCAM is similarly expressed in functionally heterogeneous progeni-

tors found in different tissues, and at least in BM stromal cells appears to be functionally

involved in the interaction of subendothelial cells with endothelial cells. The location of such

progenitors in the subendothelial microvascular compartment in different tissues, and their

phenotypic similarity, however, do provide a unifying thread. Common developmental mech-

anisms may underlie the origin of assayable clonogenic progenitors (endowed with tissue-spe-

cific potential) located in the microvascular district of different adult mesodermal tissues.
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