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We have previously reported the high regenerative potential of murine muscle-derived stem cells
(mMDSCs) that are capable of differentiating into multiple mesodermal cell lineages, including
myogenic, endothelial, chondrocytic, and osteoblastic cells. Recently, we described a putative
human counterpart of mMDSCs, the myogenic endothelial cells (MECs), in adult human skeletal
muscle, which efficiently repair/regenerate the injured and dystrophic skeletal muscle as well as
the ischemic heart in animal disease models. Nevertheless it remained unclear whether human
MECs, at the clonal level, preserve mMDSC-like chondrogenic and osteogenic potentials and
classic stem cell characteristics including high proliferation and resistance to stress. Herein, we
demonstrated that MECs, sorted from fresh postnatal human skeletal muscle biopsies, can be
grown clonally and exhibit robust resistance to oxidative stress with no tumorigeneity. MEC
clones were capable of differentiating into chondrocytes and osteoblasts under inductive
conditions in vitro and participated in cartilage and bone formation in vivo. Additionally,
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adipogenic and angiogenic potentials of clonal MECs (cMECs) were observed. Overall, our study
showed that cMECs not only display typical properties of adult stem cells but also exhibit
chondrogenic and osteogenic capacities in vitro and in vivo, suggesting their potential applications
in articular cartilage and bone repair/regeneration.
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Recent studies suggest that stem/progenitor cell populations other than satellite cells repair/
regenerate skeletal muscle.1–7 Our group previously reported that murine muscle-derived
stem cells (mMDSCs), a unique population of myogenic stem cells isolated from the slowly
adhering fraction of primary muscle cells by the “preplate” technique, proliferate long-term,
self-renew, and differentiate into diverse cell lineages.8–13 mMDSCs express markers
typically associated with stem cells, including CD34 and Sca-1. However, expression of
these markers in mMDSCs is highly influenced by extended cell culture, leading to the
difficulties of finding a valid marker profile for prospective identification and purification of
native mMDSCs.
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Recently, we have prospectively purified by cell sorting a unique stem cell population
associated with the vasculature in the human skeletal muscle.14 These myogenic endothelial
cells (MECs) (CD34+/CD56+/CD144+/CD45−), which presumably represent the human
counterpart of mMDSCs, can undergo long-term proliferation, multi-lineage differentiation,
and repair skeletal and cardiac muscles with high efficiency, similar to mMDSCs.14,15
Although MECs have been characterized in our prior studies,14,15 the true capacity of these
cells to function as multi-lineage regenerative units has not yet been fully disclosed,
especially in chondrogenesis and osteogenesis. One major limitation in characterizing their
multipotent potential is the likely heterogeneous nature in stemness. In the present study, we
investigated whether MECs, freshly sorted from adult human skeletal muscle based on their
unique cell surface marker profile, preserve chondrogenic, and osteogenic potentials at the
clonal level.
Our results showed that MEC clones possess stem cell characteristics equivalent to
mMDSCs, including long-term proliferation with no karyotypic abnormalities and high
resistance to stress. The robust ability of clonal MECs (cMECs) to differentiate into
chondrogenic and osteogenic cell lineages in vitro and in vivo was demonstrated. This
clonal study of human MECs highlights their regenerative potential for integrated
musculoskeletal repair and regeneration.
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METHODS
Human Muscle Biopsy Procurement and Animal Research
The procurement of adult human skeletal muscle biopsies from the National Disease
Research Interchange (Philadelphia, PA) was approved by the Institutional Review Board at
the University of Pittsburgh Medical Center (UPMC). After procurement, biopsies were
immediately transported to our laboratory in Hanks’ balanced salt solution (HBSS;
J Orthop Res. Author manuscript; available in PMC 2015 March 16.
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Invitrogen, Grand Island, NY) on wet ice. Animal experiments were approved by the
Animal Research and Care Committee of the Children’s Hospital of Pittsburgh of UPMC
(Protocol #42-04).
Cell Isolation and Cloning
Muscle biopsies were finely minced and digested with collagenases and dispase to obtain
single cell suspension as previously described.14 Cells were immunofluorescently labeled
and subject to cell sorting.14 Details are documented in Supplementary Material.
Gene Expression Profiling
Total RNA was extracted from the 1 × 106 cells using Nucleospin RNA kit (Clontech,
Mountain View, CA). Details are listed in Supplementary Material. Primer sequences used
for PCR are listed in Supplemental Table 1.
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Cell Proliferation Analysis and Cell Survival under Oxidative Stress
For the single cell proliferation assay, cMECs were transduced with lentiviral eGFP reporter
and further sorted to homogeny by FACS as previously reported.6 To test the capacity of
cMECs against oxidative stress, MEC clones were plated onto collagen-coated plates and
cultured with proliferation medium containing 400 μM hydrogen peroxide (H2O2) and 2 μl
propidium iodide (1:500, PI, Sigma–Aldrich, St. Louis, MO). Bright-field and fluorescent
images were taken in a time-lapsed microscopic imaging system. Details are summarized in
Supplementary Material.
Tumorigenesis Assay and Karyotype Analysis
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To examine the tumorigenic property of cMECs in vitro, we monitored the growth of
cMECs plated at different densities on 1% agar in proliferation medium. For karyotype
analysis, cMEC clones were cultured for 8 weeks and harvested. The cell pellets were
processed for chromosome analysis. Detail procedures are listed in Supplementary Material.
Chondrogenic and Osteogenic Differentiation In Vitro
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For in vitro chondrogenesis, 3.0 × 105 cMECs or unsorted human primary skeletal muscle
cells (hPSMCs) were pelleted in 15-mL conical polypropylene tubes and cultured in
chondrogenic medium (Cambrex, East Rutherford, NJ) supplemented with BMP4 (100
ng/ml; R&D system, Inc., Minneapolis, MN) and TGFβ3 (10 ng/mL; R&D system, Inc.).
Pellets were harvested on Days 7 and 21, and then embedded in paraffin. Chondrogenesis
was determined by Alcian blue staining, which stains the highly sulfated proteoglycans that
are characteristic of the cartilaginous matrix as previously described.16,17 Pellets were
counterstained with nuclear fast red. The diameter of each pellet was measured, and the
volume of each pellet was estimated by the equation: V = 4/3πr3.
For in vitro osteogenesis, pellets of 3.0 × 105 cMECs were cultured and harvested on Days 7
and 21 in osteogenic medium: DMEM supplemented with dexamethasone [0.1 μM],
ascorbate-2-phosphate [50 μM], β-glycerophosphate [10 mM] (all from Sigma–Aldrich), and
BMP4 (200 ng/ml). Specimens were scanned with μCT (vivaCT40; Scanco USA, Inc.,
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Wayne, PA) as formerly described.17 Pellets were subsequently sectioned and stained by
von Kossa method.16,17 Unsorted hPSMCs were cultured under the same conditions as
control.
Chondrogenic and Osteogenic Differentiation In Vivo
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To track donor cells after implantation in vivo, cMECs and unsorted cells were genetically
engineered to express nuclear LacZ (nLacZ) reporter gene with retroviral transduction as
previously reported.16–18 The nLacZ gene transduction efficiency was around 80%. We
subsequently co-transduced nLacZ-expressing cMECs with retroviral BMP4 gene as
previously described.16,17 After expansion, 5 × 106 co-transduced cMECs or unsorted
hPSMCs re-suspended in 100 μl HBSS were seeded onto the surface of a 6 × 6-mm piece of
Gelfoam. After Gelfoam absorbed the cell suspension, 3 ml of DMEM supplemented with
10% FBS were added to each well and incubated overnight. On the following day, the
cellseeded Gelfoam pieces were implanted into the gluteofemoral muscle pockets of SCID
mice (8-week-old male; The Jackson Laboratory, Bar Harbor, ME). A total of 14 mice were
used. Mice were sacrificed and scanned by μCT at 2, 4, 8, and 16 weeks after implantation.
Tissue samples were harvested and treated with CRYO-GEL Embedding Medium (Cancer
Diagnostics, Inc., Morriszille, NC), flash frozen in liquid nitrogen pre-cooled 2methylbutane (Sigma–Aldrich), cryosectioned at 8 μm thickness, and stored at −80°C. X-gal
staining revealed nLacZ-expressing cells based on their β-gal expression (blue nuclei).
Briefly, frozen sections were fixed in 1% glutaraldehyde for 1 min, washed, and stained in
X-gal solution with counterstain of eosin or immunostain with goat anti-osteocalcin (1:200;
Santa Cruz Biotech, Santa Cruz, CA), following the manufacturer’s protocol (Vectastain
Elite ABC kit; Vector Laboratories, Burlingame, CA). Sections were also co-immunostained
for goat anti-collagen type II (1:200; Santa Cruz Biotech) or goat anti-osteocalcin, with
rabbit anti-β-galactosidase (β-gal) (1:200; Abcam, Cambridge, MA).
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Adipogenesis in Culture and Angiogenesis In Vitro and In Vivo
The details of in vitro adipogenesis and angiogenesis as well as in vivo angiogenesis are
summarized in Supplementary Material.

RESULTS
Isolation and Characterization of Myogenic Endothelial Cell Clones
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MECs (CD34+CD56+CD144+CD45−) were isolated by fluorescence activated cell sorting
(FACS) from dissociated muscle biopsies as previously reported.14 Single sorted MEC was
then automatically seeded by the autoclone system of the FACSAria sorter into each well of
a collagen-coated 96-well plate (seeding density: 1 cell/well). Wells that did not contain
exactly 1 cell/well were excluded from the study. A total of six MEC clones from two
distinct muscle biopsies were obtained from 576 single-cell seeded wells. The average
cloning efficiency was 1.04%, with MECs of donor #1 and #2 having the cloning efficiency
of 0.69% and 1.39%, respectively. Clonal MECs (cMECs) at passage 6–15 were analyzed
for their phenotypes, single cell proliferation, and multi-lineage differentiation capacity and
subsequently used for transplantation experiments. Six MEC clones were individually
analyzed for gene expression by RT-PCR. The results showed that genes of the lineage-
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specific markers were expressed in all clones at similar levels (Fig. 1A). Notably, in addition
to the late myogenic markers: desmin, m-cadherin, and CD56, we also detected expression
of the early myogenic transcription factors, Pax3, Pax7, and Myf5 in all six clones (Fig. 1A).
Single Cells Derived from MEC Clones Undergo Clonogenic Proliferation

Author Manuscript

To precisely quantitate the clonogenic potential and long-term proliferation of cMECs in
culture, we performed sub-cloning analysis. MEC clones were lentivirally transduced at
passage 15 to express enhanced green fluorescence protein (eGFP). Sub-cloning analysis
was performed with eGFP+ cMECs individually sorted into each well of a 384-well plate by
the FACSAria autoclone system (Supplementary Fig. 1). Approximately 1/3 of all wells
received exactly one cell per well; the remaining 2/3 received none. Proliferation of subcloned cMECs was monitored by a time-lapsed microscopic imaging system. The results
showed that 73% of sub-cloned cMECs expanded to more than eight cells, 14% divided into
two to four cells, 12% did not divide, and 1% eventually died (Fig. 1B). Cell doubling time
and averaged cell division time were 28.1 ± 5.5 h and 16.8 ± 2.1 h, respectively (mean ± SD,
n = 4; Fig. 1C). A video of single sub-cloned cMEC proliferation was presented
(Supplemental Video).
Gene Expression, Tumorigenesis, Karyotype Analysis, and Resistance to Oxidative Stress
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Gene expression analyses revealed that cMECs express genes associated with
undifferentiated cells (GABRB3 and DNMT3B), and the stemness gene, IL6ST when
compared to the unsorted human primary skeletal muscle cells (hPSMCs; Supplemental
Table 2). In contrast, hPSMCs expressed genes associated with myogenic differentiation
including: Runx-2, Noggin, MYF5, MyoD1, Des, and Actc (Supplementary Table 2). To
assess their tumorigenesis, cMECs cultured for 2 months were analyzed for anchorage
independent growth, a hallmark of transformed tumor cells. Cells were plated on a layer of
1% agar at different densities, and colony growth was scored at 2 and 3 weeks post-seeding.
Non-adherent cell growth was only observed when cMECs were plated at a very high
density of 2.5 × 104 cells/cm2. Cells plated at low densities (25 and 250 cells/cm2) and
regular culture density (2,500 cells/cm2) did not grow in an anchorage-independent manner
and eventually died (Supplementary Fig. 2). Furthermore, tumorigenesis in vivo was
examined by implanting expanded cMECs into skeletal muscle pockets in the hind limbs of
SCID mice. No evidence of tumor growth at 12 weeks post-transplantation was observed
physically and histologically (data not shown). Finally, karyotype analyses revealed little-tono structural (data not shown) and numerical (Fig. 1D) abnormalities in the chromosome of
all long-term cultured MEC clones.
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Non-clonal MECs displayed a superior regenerative capacity in both skeletal and cardiac
muscles when compared to myoblasts and/or endothelial cells, a behavior hypothesized to be
associated with MECs’ ability to withstand oxidative stress.14,15 Whether cMECs retain the
resistance to oxidative stress was examined by culturing the cells in 400 μM H2O2 and
analyzing their survival every 12 h over a 72-h period.19 Among five MEC clones tested,
four withstood the oxidative stress better than non-clonal MECs (p > 0.05), which had a
survival rate of 30.6% at 72 h (Supplementary Table 3). This result suggested that most of
the cMECs (80%) have high resistance to extended exposure of oxidative stress.
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To induce chondrogenic differentiation, cMECs and hPSMCs were pellet-cultured in
chondrogenic induction medium supplemented with BMP4 and TGF-β3 for up to 3 weeks.
Gross morphology of pellets was compared (Fig. 2A). The average volume of the pellets
formed by cMECs was significantly larger than those formed by hPSMCs at Days 7 and 21
(n = 3 per group, p < 0.01, two-tailed unpaired t-test) (Fig. 2B). Pellets were then sectioned
and stained specifically for the cartilaginous matrix with Alcian blue (pH = 1). Clonal MEC
pellets displayed a stronger chondrogenic potential, based on the intensity of Alcian blue
staining, when compared to the unsorted cells, at all three time points (Fig. 2C, inset: whole
pellet; main: higher magnification). This assay has been used in the past to determine the
extent of chondrogenic potential of myogenic cells.14,16,17 To investigate their chondrogenic
potential in vivo, we co-transduced cMECs with retroviruses encoding BMP4 and nuclear
LacZ (nLacZ) genes. Co-transduced hPSMCs were used as a control. The transduction
efficiency was near 80%, revealed by the positive β-gal staining (blue) localized to the
nuclei of cMECs (Fig. 2D.a). The presence of round chondrocytes with LacZ+ nuclei (Fig.
2D.b) and positive immunostaining for collagen type II (Fig. 2D.c) were observed within the
implanted scaffold. A few collagen type II-positive cells co-expressed β-galactosidase,
confirming the presence of functional chondrogenic cells originated from donor cMECs
(Fig. 2D.d). A lack of chondrogenesis was observed in hPSMCs-seeded scaffolds (data not
shown). Together these data suggest that cMECs were able to differentiate into chondrocytes
in vitro and in vivo, albeit to a different extent.
cMECs Undergo Osteogenic Differentiation in Vitro and In Vivo
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To assay the production of mineralized extracellular matrix, cMECs were pellet-cultured in
osteogenic induction medium supplemented with BMP4. Osteogenic differentiation was
revealed by von Kossa staining after 7 and 21 days in culture. Compared with hPSMCs,
pellets formed by cMECs exhibited more intense mineralization (Fig. 3A). cMEC pellets
maintained in control proliferation medium with no BMP4 remained negative for von Kossa
staining, suggesting no spontaneous osteogenic differentiation of cMECs without a proper
inductive signal (Fig. 3A). Mineralization within the pellet was detected by microcomputerized tomography (μCT) at 7 and 21 days (Fig. 3B). μCT images showed that
cMECs produced a significantly higher volume (Fig. 3C) and density (Fig. 3D) of
mineralized matrix when compared to hPSMCs at both time points (n = 3 per group, both p
< 0.01, two-tailed unpaired t-test).
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To evaluate their osteogenic potential in vivo, cMECs or hPSMCs were co-transduced with
retroviruses encoding nLacZ and BMP4 genes and seeded onto a gelatin sponge (5 × 106
cells), followed by implantation into an intramuscular pocket of SCID mice. μCT imaging
revealed that transduced cMECs form dense ectopic bone consistently at 2, 4, 8, and 16
weeks post-implantation while transduced hPSMCs fail to form any organized structure
(Fig. 3E). A significant difference in mineralized tissue volume between the two groups was
observed at all time points (n = 3 per group, all p < 0.01, two-tailed unpaired t-test) (Fig.
3F). To track donor cMECs undergoing osteogenic differentiation, β-gal/eosin co-staining
was performed on the sections of the cMEC-formed ectopic bone structure (Fig. 3G.a).
Osteogenic differentiation of donor cMECs was also confirmed by co-localization of the
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positive immunohistochemical signals of nLacZ and osteocalcin (Fig. 3G.b) as well as the
positive immunofluorescent signals of β-galactosidase and osteocalcin (Fig. 3G.c).
Collectively, cMECs exhibited robust osteogenic differentiation capacity under appropriate
inductive signals in vitro and in vivo.
cMECs Differentiate into Adipocytes and Remain Angiogenic In Vitro and In Vivo
To understand whether cMECs are able to differentiate into other mesodermal cell lineages,
we examined their adipogenic potential in vitro. cMECs cultured in adipogenic induction
medium were subsequently stained positive by Oil Red O, revealing the accumulated
cytoplasmic lipid droplets (Supplementary Fig. 3A). cMECs maintained in control medium
were not adipogenic (Supplementary Fig. 3B).
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To investigate the angiogenic capacity of cMECs, Matrigel culture was used to observe the
formation of capillary-like structures.20 After incubation for 16 h, cMECs cultured in
Matrigel formed capillary-like network (Supplementary Fig. 3C) while hPSMCs failed to
form similar structures under the same condition (Supplementary Fig. 3D). Next we
subcutaneously implanted Matrigel plugs encapsulating 1.0 × 106 cMECs, hPSMCs, or no
cells into the back of SCID mice (n = 4 per group). Capillary formation within the implanted
plug was determined by anti-CD31 immunostaining (Supplementary Fig. 3E–G). The
cMEC-plugs displayed significantly higher capillary density than the hPSMC-plugs (p <
0.01, two-tailed unpaired t-test) (Supplementary Fig. 3H). Implants with no cells exhibited
no presence of CD31-positive structures. To confirm the human origin of the newly formed
microvessels within the Matrigel plugs, Lamin A/C, a human nuclear specific antigen, was
used to identify donor cMECs. A fraction of microvascular endothelial cells within the
cMEC plugs indeed co-expressed CD31 and Lamin A/C, indicative of their human origin
(Supplementary Fig. 3I–L). These results suggest that human cMECs are not only capable of
differentiating into major mesenchymal cell lineages but also retain their angiogenic
capacity and participate in neovascularization in vivo after long-term culture.

DISCUSSION
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Our group has previously demonstrated that mMDSCs differentiate into diverse cell lineages
including bone, cartilage, muscle, endothelial, and blood cells.8–13 mMDSCs repair skeletal
and cardiac muscles more efficiently than myoblasts and vascular endothelial cells.9,11
Recently, we have purified myogenic endothelial cells (MECs) from adult human skeletal
muscle that co-express cell surface markers of both myogenic and endothelial cell lineages
and exhibit superior regenerative capacities in injured skeletal and cardiac muscle, similar to
mMDSCs.14,15 Nevertheless, the osteogenic and chondrogenic potentials of MECs were not
fully examined at the clonal level. The present study employed the clonogenic assay to
evaluate the osteogenic and chondrogenic capacities of single MEC and further characterize
their stem cell properties.
We herein established a protocol that enable us to prospectively purify MEC clones from
fresh human muscle biopsies directly by FACS sorting, using the previously reported
combination of cell surface markers for MEC isolation.14 RT-PCR analysis revealed that all
of the MEC clones expressed genes of myogenic (desmin, CD56, Pax3, Pax7, m-cadherin,
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and MYf5), endothelial (CD34, CD144, and vWF), smooth muscle/vascular mural (αsmooth muscle actin, PDGFR-β, NG2, and CD146), and mesenchymal stem/stromal (CD90
and CD105) cell lineages, showing consistency between clones from the two donor sources.
cMECs displayed robust multipotency in vitro and in vivo, including chondrogenesis,
osteogenesis, adipogenesis, and angiogenesis/vasculogenesis, in addition to myogenesis
reported previously.14 Ectopic implantation into the skeletal muscle pocket triggered the
endochondral bone formation by BMP4-transduced cMECs, which can be divided into
several phases, including cartilage formation, cartilage resorption, and bone formation.16
Though we have showed evidence of cartilage formation and chondrogenic differentiation
from implanted cMECs in the current study, whether the cartilaginous tissue formed by
cMECs remains permanent is unclear and requires further investigation. Furthermore,
cMECs could not differentiate into hematopoietic cells in vitro under inductive conditions,
even with the presence of OP9 stromal cells (data not shown).
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Most MEC clones tested (80%) were shown to resist oxidative stress more efficiently than
non-clonal MECs. However, one of the five MEC clones tested did not exhibit superior
resistance to oxidative stress at 72 h (MEC clone 4, Supplementary Table 3), possibly due to
the natural variability in oxidative-stress resistance among MEC clones. cMECs upregulated genes associated with early progenitor cells, GABRB3 and DNMT3B, and a gene
correlated to stemness, IL6ST. When compared to hPSMC, cMECs expressed much lower
level of genes associated with advanced myogenic differentiation, including Runx-2,
Noggin, MyoD1, MYF5, Desmin, and α-actin. The tumorigenic assay and karyotype
analysis revealed no tumorigeneity in long-term expanded cMECs, suggesting the safety of
this novel multi-lineage stem cell population in regenerative applications.
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In the current study, we have chosen hPSMCs as our donor-matched control cells due to
their abundance and easy isolation while native MECs and other populations of early stem/
progenitor cells are relatively scarce and difficult to obtain from the same biopsy.
Interestingly, under inductive conditions, hPSMC pellet cultures exhibited certain levels of
chondrogenic and osteogenic differentiation. This can be explained, at least in part, by the
potential trans-differentiation of myoblasts within the hPSMC culture as well as the
heterogeneous nature of hPSMCs.16,21 Recently, we have demonstrated that hPSMCs
contain a small percentage of blood-vessel-derived stem/progenitor cells, including MECs
and pericytes, which were shown to be chondrogenic in nature even after long-term
cryopreservation.21
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Our previous studies of mMDSCs indicated that these cells reside in areas that are normally
occupied by capillaries running alongside myofibers.8,9 Similarly, MECs are associated with
the vasculature in human skeletal muscle, specifically the capillaries located within the
interstitial space between myofibers. The hypothesis that MECs represent a developmental
intermediate between myogenic and endothelial cells was further supported by the evidence
suggesting that muscle satellite cells and endothelial cells are close neighbors and privileged
developmental partners.22 Despite the unclear developmental relationship between MECs
and other blood-vessel-associated stem/progenitor cells such as mesoangioblasts23–25 and
pericytes,5,6 our data suggest that cMECs are indeed one of the multi-lineage mesodermal
stem cell populations residing in a vascular niche within the adult skeletal muscle1,26,27 and
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likely represent a human counterpart of mMDSCs.28 Overall, these cells not only represent a
promising cell source for musculoskeletal repair but also provide further evidence to the
involvement of vasculature in postnatal musculoskeletal regeneration.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Characterization of clonal myogenic endothelial cells (cMECs) in culture. (A) RT-PCR
analysis was performed on all six FACS-sorted MEC clones and compared with HUVECs,
cultured unsorted hPSMCs (Unsorted), and fresh skeletal muscle cell lysate (Fresh total
cells). All MEC clones consistently expressed myogenic (desmin, CD56, Pax7, m-cadherin,
Pax3 Myf5), endothelial (CD34, VE-cadherin, von Willebrand Factor (vWF)), smooth
muscle/vascular mural (α-smooth muscle actin, PDGFR-β, NG2, CD146), and mesenchymal
stem/stromal (CD90 and CD105) cell markers. (B) Analysis of cMEC clonogenic
proliferation capacity by sub-cloning single cells from GFP-transduced MEC clones. A total
of 80 sub-cloned single GFP-positive cMEC cells (31% of 258 seeded wells) were tracked.
Among them, 1% died, 12% did not divide, 14% divided into two to four cells, and 73%
were able to form colonies (>8 cells). (C) Colony growth rate (n = 4) after 17 days in culture
showed that the population doubling time was 28.1 ± 5.5 h, and the cell division time was
16.8 ± 2.1 h. (D) After 10 passages in culture, the majority of cMEC metaphases analyzed
possess an euploid number (46) of chromosomes.
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Chondrogenic differentiation in vitro and in vivo. (A) Gross morphology of cartilage-like
pellets formed by cMECs and unsorted muscle cells after being pellet-cultured in
chondrogenic medium for 3 weeks. (B) cMEC pellets had significantly larger volume than
unsorted hPSMC pellets at Days 7 and 21 (**p < 0.01, Student’s t-test). Data were shown as
mean ± SD (n = 3). (C) Chondrogenic differentiation is revealed by Alcian blue/nuclear fast
red staining of pellets cultured in chondrogenic medium supplemented with BMP4 and
TGFβ3 at different time points (Days 7, 14, and 21) (10× magnification, scale bar represents
25 μm). (D.a) cMECs were genetically engineered to express nLacZ reporter gene. Positive
staining (blue) is localized to the nuclei of the cells (scale bar represents 25 μm). (D.b) Three
weeks after transplantation, chondrogenesis in vivo by cMECs was demonstrated by colocalization of round chondrocytes with blue nuclei (arrow) after staining for βgalactosidase/eosin (scale bar represents 50 μm) (D.c) Chondrogenesis of cMECs was also
revealed by positive immunostaining for collagen type-II (red) (scale bar represents 25 μm),
and (D.d) Co-localization of collagen type-II (red) and β-galactosidase (green, arrow)
signals was also detected (scale bar represents 50 μm).
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Osteogenic differentiation in vitro and in vivo. (A) von Kossa staining of cell pellets
cultured in the osteogenic inductive conditions at different time points. Compared to
unsorted cell pellets, cMEC pellets cultured in the osteogenic inductive medium containing
BMP4 appear to display more extensive mineralization at Days 7 and 21. Nevertheless,
control cMEC pellets maintained in proliferation medium exhibited no mineralization (scale
bar represents 250 μm). (B) MicroCT images showed that cMEC pellets have a significantly
higher (C) mineralized matrix volume and (D) mineralized matrix density when compared
with unsorted cell pellets at Days 7 and 21 (**p < 0.01, Student’s t-test). Data were shown as
mean ± SD (n = 3). (E) cMECs or unsorted hPSMCs were retrovirally transduced to express
BMP4, seeded onto Gelfoam, and implanted into the intramuscular pocket of SCID mice.
MicroCT imaging demonstrated that cMEC implants appear to give rise to larger and more
organized ectopic mineralized tissue than unsorted cells at all time points. (F) There is a
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significant difference of mineralized tissue volume between the two groups (p < 0.01 at all
time points, Student’s t-test). Data were shown as mean ± SEM (n = 3). Osteogenesis in
vivo by cMECs was also confirmed by co-localization of (G.a) β-galactosidase-positive
nuclei (blue) within eosin-positive cells and (G.b) positive immunohistochemical staining
for β-galactosidase (blue) and osteocalcin (brown) in the newly formed mineralized tissue as
well as (G.c) co-localized immunofluorescent staining of osteocalcin (red) and βgalactosidase (green, arrow) (scale bar represents 50 μm).
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