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Mesenchymal stem/stromal cells (MSCs) are being exploited for patient-derived stem-cell therapies. As the
biological properties of MSCs derived from skeletal muscle of osteoarthritis patients are poorly understood, the
aim of this study was to compare muscle MSCs with well-recognized bone and bone marrow-derived MSCs from
these patients.
Paired samples of skeletal muscle and trabecular bone tissue were obtained from 21 patients with osteoarthritis. Isolated cells were compared using ex vivo immunophenotyping and detailed in vitro analyses. These
included the colony forming unit ﬁbroblast assay, growth kinetics, senescence, multilineage potential, immunophenotyping, and MSC marker gene expression proﬁling.
Freshly isolated MSCs from muscle showed improved viability over bone-derived MSCs, with similar mesenchymal fraction. Muscle-derived MSCs showed superior clonogenicity, higher growth rates, and lower doubling times. Muscle-derived MSCs also showed superior osteogenic and myogenic properties and a positive
correlation between CD271 expression and adipogenesis. Senescence rate as well as adipogenic and chondrogenic potentials were similar.
Skeletal muscle-derived MSCs of osteoarthritis patients have superior clonogenicity and growth kinetics
compared to bone-derived MSCs, making them a good candidate for autologous stem-cell therapies. Moreover,
the positive correlation between CD271 and adipogenesis suggest that CD271 expressing muscle MSCs might
contribute to muscle steatosis observed in osteoarthritis.
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skeletal muscle is considered an endocrine organ which plays a major
role in maintaining a healthy musculoskeletal system (Schnyder and
Handschin, 2015). During muscle contraction, skeletal muscles produce
myokines that can have anti-inﬂammatory (Rainbow et al., 2013) and
pro-chondrogenic properties (Krishnasamy et al., 2018). Muscle weakness can result in alterations to joint mechanics and joint inﬂammation,
thus contributing to cartilage degeneration (Egloﬀ et al., 2014). Indeed
muscle weakness is commonly observed in osteoarthritis patients. This
is considered to be due to muscle atrophy secondary to osteoarthritis.
Recent studies have suggested that age-related decreases in muscle
volume are also a risk factor for osteoarthritis (Valderrabano and
Steiger, 2011). Adipose tissue inﬁltration into skeletal muscle, or
myosteatosis, has been associated with the symptomatic and structural
severity of osteoarthritis as adipocytes release adipokines and inﬂammatory cytokines, and these have been implicated in the pathogenesis of osteoarthritis (Krishnasamy et al., 2018). Although the exact
mechanism of myosteatosis remains unclear, several populations of
skeletal muscle stem cells such as platelet-derived growth factor α
(PDGFRα) positive cells might contribute to skeletal muscle adipogenesis (Hamrick et al., 2016).
In light of this connection between muscle and bone, the aim of our
study was to determine the biological characteristics of muscle MSCs
derived from osteoarthritis patients and determine if these properties
are comparable to their bone counterparts. To our knowledge, there are
no prior studies directly comparing the properties of MSCs from paired
muscle and bone tissue samples of the same osteoarthritis patient. Our
hypothesis was that muscle MSCs will themselves be aﬀected by the
disease, which might reﬂect on their capacity for colony formation,
culture expansion, multipotency and expression of known MSC markers.
We found that muscle MSCs have superior biological properties
compared to bone MSCs, including clonogenicity, growth kinetics, osteogenesis and myogenesis. Muscle MSCs also showed higher CD56
expression and positive correlation between CD271 expression and
adipogenesis.

Cat#11088882001
Cat#130-104-182
Cat#L0064-500
Cat#L0106-500
Cat#PHG9204
Cat#P36941
Cat#08-24-00020

Cat#9860
Cat#732-2868
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1. Introduction
Mesenchymal stem/stromal cells (MSCs) reside in several structures
of the joints, and have been shown to have regenerative capabilities.
Currently, the most commonly used sources of MSCs for joint regeneration are autologous bone-marrow and adipose tissue (Čamernik
et al., 2018a). Such MSC therapies have shown promising improvements for symptoms of osteoarthritis, despite the lack of detailed scientiﬁc understanding of their mechanisms (Čamernik et al., 2018a,
2018b). Furthermore, autologous bone MSCs (i.e bone marrow MSCs)
derived from patients with clinical signs of osteoarthritis have been
shown to have reduced in vitro chondrogenic and adipogenic activities
(Murphy et al., 2002). In addition, a higher proportion of CD271 positive MSCs, which show lower proliferation and mineralization capacities, has been found in femoral head bone marrow lesions in hip osteoarthritis patients (Campbell et al., 2016). Their accumulation was
also noted in bone adjacent to cartilage defects and areas of osteochondral angiogenesis (Campbell et al., 2016) indicating they might
play a role in the pathology of some musculoskeletal diseases. Increased
SOX9 and CD90 as well as reduced CD166 expression levels in bone
marrow-derived MSCs from patients with osteoarthritis were also
identiﬁed (Stiehler et al., 2016).
Osteoarthritis has been recognized as a disorder of the whole joint
(Lories and Luyten, 2011). Therefore it might well be that the endogenous reparative capacities of MSCs in joint tissues other than
cartilage might be aﬀected. It has recently been shown, that two distinct populations of MSCs exist in osteoarthritic cartilage, which not
only play a role in the development of osteoarthritis but also contribute
to the osteoarthritis phenotype during cartilage repair (Jayasuriya
et al., 2018). The revelation that diﬀerent tissue sources harbor distinct
MSC populations with diﬀerent capabilities prompted the search for a
source of cells with the best characteristics for optimal therapeutic response.
Skeletal muscle is a known source of stem cells, with an important
role in skeletal muscle regeneration (Tedesco et al., 2010) and using a
minimally invasive biopsy (Ceusters et al., 2017), enough tissue can be
harvested to isolate and expand a large number of cells. Furthermore,

2. Methods
2.1. Donor inclusion and tissue sampling
Patients undergoing routine total hip arthroplasty at the Valdoltra
Orthopaedic Hospital were included in this study. Osteoarthritis was
diagnosed by clinical examination and plain X-rays. The exclusion criteria included history of inﬂammatory arthritis, metastatic cancer, and
disorders aﬀecting bone. Approval for this study was obtained from the
National Medical Ethics Committee of the Republic of Slovenia (reference numbers: 0120-523/2016-2, KME 45/10/16). Written informed
consent was obtained from all of the donors included in this study.
Detailed patient information and the number of patients used for the
evaluation of biological properties (n) are provided in Table 1.
Skeletal muscle and trabecular bone were sampled from all of the
donors included in the study (n = 21). Gluteus medius was sampled
approximately 3 cm proximal to the surgical insertion (Fig. 1A). A cylindrical section of trabecular bone with bone marrow was sampled
from the femoral neck side of the femoral head (Fig. 1B) using a
TRAP8G system (H.S. Hospital Services).
2.2. Cell isolation
Muscle and bone MSC were isolated as described previously
(Čamernik et al., 2018a, 2018b; Sakaguchi et al., 2004). Brieﬂy, tissue
was cut into small pieces, washed thoroughly in 1× phosphate buﬀered
saline and incubated at 37 °C in 1% collagenase solution (Roche) for 1 h
(muscle tissue) or 3 h (bone tissue). The resulting suspension of tissue
and cells was passed through a 70 μm cell strainer (Corning). Aliquots
of freshly isolated cells (100 μL) were used for immunophenotyping,
2
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2.4. Colony forming unit ﬁbroblast assay

Table 1
Detailed patient information.
Analysis

n

Age (years)

Female/
male
ratio

Body
mass
index

C
reactive
protein

Blood
monocytes

Mean

Min

Max

(n/n)

(kg/
m2)

(mg/dL)

(%)

Total
patients

21

74.2

46

93

14/7

28.4

6.5

8.2

Ex vivo
phenotype
and CFU-F
p0

12

76.3

46

93

7/5

27.4

7.5

7.8

Growth kinetics and CFU-F p1
Muscle
11 79.0
65
Bone
11 79.0
65

93
93

7/4
7/4

27.1
27.1

7.7
7.7

7.9
7.9

Adipogenesis
Muscle
16
Bone
13

74.7
74.3

46
46

93
93

10/6
9/4

28.5
28.4

6.1
6.8

8.4
7.7

Osteogenesis
Muscle
18
Bone
13

74.2
76.8

46
65

93
93

11/7
9/4

28.0
27.7

6.6
6.7

8.3
8.1

Chondrogenesis
Muscle
18
Bone
12

73.6
76.8

46
46

90
93

11/7
7/5

28.6
27.1

6.5
7.1

8.5
7.9

Myogenesis
Muscle
Bone

79.7
68.7

65
46

93
80

5/2
5/2

26.8
30.0

6.8
5.7

8.0
8.7

7
7

In vitro phenotype
Muscle
20 74.1
Bone
14 77.4

46
68

93
90

13/7
9/5

28.5
28.1

6.6
6.9

8.4
8.3

Senescence
Muscle
Bone

58
68

75
93

3/1
5/4

29.3
27.0

5.0
7.8

8.2
8.1

Gene expression proﬁling
Muscle
20 74.1
46
Bone
17 75.7
46

93
93

13/7
11/6

28.5
28.2

6.6
6.9

8.4
8.1

4
9

67.3
77.7

The colony forming unit ﬁbroblast assays (CFU-F) were performed
using freshly isolated MSCs plated as nine replicates in six-well plates.
Once colonies were observed (i.e., from 10 to 14 days), six wells were
trypsinized and the viable MSCs counted. The remaining three wells
were stained with methyl violet (Merck) to count the colonies. CFU-F
assay data at p0 were calculated as percentages of methyl-violet-positive colonies per cells counted. The CFU-F assays were repeated at p1,
where 500 cells/well for muscle MSCs and 2000 cells/well for bone
MSCs were seeded in six-well plates in three replicates. The numbers of
colonies were counted after 12–14 days. CFU-F assay data at p1 were
calculated as percentages of methyl violet positive colonies per seeded
MSCs.
2.5. Cell-growth kinetics
Cell-growth kinetics was performed as described before (Čamernik
et al., 2018a, 2018b). Brieﬂy, for growth rates and doubling times, cells
were seeded at p1 to p3 as four replicates in 12-well plates at 5000
cells/cm2. The cells in each well were trypsinized and counted after 48,
96, 168 and 216 h. The mean numbers of MSCs at each time point were
plotted and growth rate and doubling times calculated from the exponential phase of the curve. For the cumulative population doublings,
cells were seeded at p1 and counted every 10 days during subsequent
passaging. The mean cell counts were used to calculate the population
doubling for each sample according to Eq. (1):

32 ∗ (logN2−logN1)

(1)

where N1 is the number of seeded cells, and N2 is the number of
counted cells, at each passage.
2.6. Senescence analysis
For the senescence analysis, the cells were seeded in three or four
replicates in 12-well plates at 5000 cells/cm2. After 2–3 days, when the
cultures reached approximately 30% conﬂuence, the senescence was
evaluated using senescence β-galactosidase staining kits (Cell Signaling
Technology), following the manufacturer instructions. The wells were
imaged using a microscope (Primovert) mounted with a digital camera
(AxioCam ICc5; Zeiss). The numbers of senescent cells and the total
numbers of cells were counted independently by two investigators.
Senescence was expressed as the percentage of beta-galactosidase-positive cells of the total numbers of cells.

CFU-F, colony forming unit ﬁbroblast assay.

and the rest (900 μL) of the samples seeded as described below. The
cells isolated from muscle were seeded into muscle growth medium
consisting of low glucose Dulbecco's modiﬁed Eagle's medium (DMEM;
Biowest) supplemented with 1% glutamine, 2% penicillin and streptomycin (all Biowest), and 20% fetal bovine serum and 10% horse serum
(both Gibco). Cells isolated from bone were seeded into StemMACS
MSC Expansion Media Kit XF, human (Miltenyi Biotec) supplemented
with 1% glutamine, 2% penicillin and streptomycin (all Biowest). The
cells were incubated at 37 °C with 5% humidiﬁed CO2 and O2. The
study design and the analyses are summarized in Fig. 1C.

2.7. Multilineage diﬀerentiation
Multilineage diﬀerentiation was performed as described before
(Čamernik and Zupan, 2018). Brieﬂy, for adipogenesis and osteogenesis, cells were seeded in four technical replicates in 24-well plates at
25,000 cells/cm2. Two replicates were used for histological assessment
(one treated and one control) and two for RNA isolation (one treated
and one control). After reaching conﬂuence, the growth medium for the
treated MSCs was replaced with either adipogenic medium (growth
medium supplemented with 500 nM dexamethasone, 10 μM indomethacine, 50 μM isobutylmethyl xanthine, 10 μg/mL insulin [all
Sigma]) or osteogenic medium (growth medium supplemented with
5 mM β-glycerophosphate, 100 nM dexamethasone, 50 mg/mL ascorbic
acid-2-phosphate [all Sigma]). The controls received growth medium
without the adipogenic or osteogenic supplements. The treatments were
continued for 21 days, with medium changes every 2 to 3 days. After
21 days, the adipogenic cultures were stained with Oil Red O (Sigma)
and the osteogenic cultures with 2% Alizarin Red S (Sigma). After
staining, cells were imaged using Evos XL (Life Technologies). The
numbers of adipocytes were counted using the ImageJ software
(Schneider et al., 2012). Adipogenic potential was calculated as the

2.3. Immunophenotyping
The immunophenotyping was performed on freshly isolated MSCs
and on the culture-expanded MSCs between passages 1 and 5 (p1-p5).
For fresh cells, monoclonal antibodies against CD45 (2D1), CD19
(SJ25C1) and CD14 (61D3), all conjugated with eFluor 450 (Thermo
Fisher Scientiﬁc), and VioBlue conjugated CD34 (AC136) (Miltenyi
Biotec) were used. The culture-expanded MSCs were immunophenotyped using anti-CD105 REA794 FITC, anti-CD90 DG3 FITC
and anti-CD73 AD2 APC antibodies (Miltenyi Biotec). The ﬁxable viability dye eFluor 780 (Thermo Fisher Scientiﬁc) was used to determine
cell viability. Immunophenotyping was performed using Attune NTx
(Thermo Fisher Scientiﬁc).

3
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Fig. 1. Overview of the tissue harvesting and study protocol. (A) Harvest site for skeletal muscle in patients with osteoarthritis undergoing hip replacement. (B)
Representative samples of muscle and bone biopsies used for MSC isolation. (C) General scheme of the isolation of the muscle and bone MSCs and their ex vivo and in
vitro analyses, as applied for both tissue types.

[Biowest], 100 nM dexamethasone [Sigma], 1% insulin-transferrin-selenium [Sigma], 50 mg/mL ascorbic acid-2-phosphate [Sigma], 1%
penicillin/streptomycin [Biowest]). Treated pellets received 10 ng/mL
transforming growth factor ß1 (TGF-ß1, [ThermoFisher Scientiﬁc]),
and the controls received medium without TGF-ß1. The treatments

numbers of Oil-Red-O-positive adipocytes per numbers of seeded cells.
The osteogenic potential was calculated as the concentration of Alizarin
Red S (mg/mL).
For chondrogenesis, cell pellets were formed as duplicates of
150,000 cells suspended in chondrogenic medium (high-glucose DMEM
4
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Fig. 2. Ex vivo analyses of the freshly isolated cells.
(A) Viability of the collagenase-digested cells before
plating, as the proportions of single live cells from
muscle and bone. Signiﬁcantly higher viability was
seen for the muscle cells (Welch's t-test). (B)
Mesenchymal lineage cells deﬁned as the CD45/
CD34/CD14/CD19 negative fraction in the freshly
isolated cells from muscle and bone, deﬁned using
multicolour ﬂow cytometry. (C) Representative dot
plots for the muscle and bone cells, with the gating
strategies shown.

described above. In both cases, total RNA was extracted using qGOLD
Total RNA kits (VWR) and the cDNA was synthesized using HighCapacity cDNA Reverse Transcription kits (ThermoFisher Scientiﬁc).
Gene expression measurements were performed according to the MIQE
guidelines (Bustin et al., 2009).
Quantitative polymerase chain reaction (qPCR) was performed
using 5× HOT FIREPol EvaGreen qPCR Supermix (Solis BioDyne), according to the manufacturer protocol. The primers used (Macrogen,
Sigma-Aldrich) are listed in Supplemental Table 1. All qPCR experiments were performed in triplicate using LightCycler 480 Instrument II
(Roche). Gene expression data were obtained using a standard curve
and the second derivative maximum method (LightCycler 480 software,
v. 1.5.0). All of the data were normalised to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

were continued for 21 days, with medium changes every 2 to 3 days.
After 21 days, the pellets were embedded in Tissue Freezing Medium
(Leica) and 8-μm-thick cryosections were cut. The cryosections were
stained with toluidine blue (Sigma) and for collagen type II (Col2) using
immunoﬂuorescence. For Col2 staining, a goat anti-Col2 antibody
conjugated with Alexa Fluor 488 (SouthernBiotech) was used at a 1:50
dilution. The slides were mounted with Prolong Gold Antifade
Mountant with DAPI (ThermoFisher Scientiﬁc), and imaged (Evos FL;
Life Technologies). The chondrogenic potential was evaluated as the
positive toluidine blue or Col2 staining, and the toluidine blue stained
sections were also analyzed using Bern score (Grogan et al., 2005).
For myogenesis, the MSCs were plated in 24-well plates on 0.1%
gelatine (Sigma) pre-coated wells, in duplicates at 25,000 cells/cm2.
Treated wells received myogenic medium (high-glucose DMEM
[Biowest], 2% horse serum [Gibco], 1% insulin-transferrin-selenium
[Gibco], 100 nM hydrocortisone [Sigma]. 1% penicillin/streptomycin
[Biowest]). Controls received growth medium without the myogenic
supplements. The treatments were continued for 21 days, with medium
changes every 2 to 3 days. Myogenic cultures were evaluated using
immunoﬂuorescence after incubation with an anti-desmin monoclonal
antibody (D93F5; XP Rabbit mAb; Cell Signaling Technology) diluted
1:100 and a donkey anti-rabbit IgG secondary antibody, Alexa Fluor
488 (Life Technologies), and cover slipped with Prolong Gold Antifade
Mountant with DAPI (Thermo Fisher Scientiﬁc). The myogenic potential was calculated as the percentage of desmin-positive cells to seeded
cells.

2.9. Statistical analysis
The normality of data distributions were tested with KolmogorovSmirnov tests. To compare data between the muscle and bone MSCs,
either Student's t-tests or Mann–Whitney tests were used. Where the
compared groups had unequal variances and unequal sample sizes,
Welch's t-tests were used. Two-way ANOVA with Bonferroni corrections
for multiple testing was used for the gene expression analysis. Heat
maps were generated from the Z-score values of normalised gene expression data using the online Heatmapper software (Babicki et al.,
2016). Tissue clustering was carried out using the complete linkage
method together with the Pearson distance measurement method
(Babicki et al., 2016). Spearman analysis was used to correlate gene
expression data with the CFU-F, multipotency and growth kinetics data.
The statistical analyses were performed with GraphPad Prism, version
6, and IBM SPSS Statistics, version 25. P values < 0.05 were considered
as statistically signiﬁcant. The Figs. were created using Mind the Graph.

2.8. RNA isolation and gene expression proﬁling
During routine passaging of culture-expanded MSCs (p2 or p3), RNA
was isolated from an aliquot of 30.000–50.000 cells and used to measure gene expression of MSC markers. RNA was also isolated from MSC
cultures subjected to adipogenesis and osteogenesis after 21 days, as
5
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Fig. 3. Plastic adherence and cultivation eﬃcacy of
the muscle and bone MSCs. (A) Weight of muscle
tissue used for cell isolation was signiﬁcantly lower
compared to bone tissue (Welch's t-test). (B)
Proportions of successfully culture expanded MSCs
from the muscle (in 20 out of 21 donors) and bone
(in 17 out of 21 donors) samples. (C) Times to plastic
adherence for the muscle and bone MSCs were similar. (D) Times to colony forming at p0 for the
muscle and bone MSCs were similar. (E) Colony
forming unit ﬁbroblast (CFU-F) assays at p0 were
signiﬁcantly higher for muscle MSCs compared to
bone MSCs (Welch's t-test). (F) Representative
images of colonies formed by muscle and bone MSCs
at p0 stained with methyl violet for quantiﬁcation in
the CFU-F assays. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

(0.09%) compared to the bone MSCs (0.04%) (Fig. 3E and F).

2.10. Key resource table
Key resource information is provided in a separate table.

3.2. Plastic adherent MSCs from skeletal muscle from patients with
osteoarthritis show favorable culture expansion properties

3. Results

After the p0 experiments, the MSCs from the primary cultures were
further expanded and analyzed (Fig. 4). At p1, the muscle MSCs retained signiﬁcantly higher clonogenicity (4.03%) in comparison to the
bone MSCs (0.71%) (Fig. 4A and B). For the growth kinetics, the muscle
MSCs showed signiﬁcantly higher growth rate (0.01292 h−1) and signiﬁcantly lower doubling time (58.99 h), compared to the bone MSCs
(0.006833 h−1, 136.8 h, respectively) (Fig. 4C and D). The muscle
MSCs also showed higher mean cumulative population doubling in
long-term cultures, and longer lifespans compared to bone (Fig. 4E).
The MSCs from both tissues showed a ﬁbroblast-like morphology and
similar proportions of senescent β-galactosidase–positive cells (Fig. 4F
and G).

3.1. Skeletal muscle from osteoarthritis patients is a source of viable cells
that show plastic adherence and high clonogenicity
The viability of the freshly isolated cells from muscle was signiﬁcantly higher and less variable in comparison with the bone-derived
cells (Fig. 2A). The proportions of freshly isolated cells negative for the
combination of CD45/CD19/CD14/CD34 markers were similar between the muscle and bone cells (Fig. 2B and C).
For the cell isolation and cultivation, the weight of muscle tissue
(mean, 0.460 g) was signiﬁcantly less than that of bone tissue (mean,
1.001 g) (Fig. 3A). There was a higher proportion of successfully cultured MSC samples for muscle (20 out of 21) than bone (17 out of 21)
(Fig. 3B). Plastic adherent cells were observed at similar times for both
tissues, at a mean of 5.6 days for muscle and 5.0 days for bone (Fig. 3C).
The time to colony forming at p0 was similar for both tissues, with
means of 17.3 days for muscle and 22.3 days for bone (Fig. 3D). However, at p0, the muscle MSCs showed signiﬁcantly higher clonogenicity

3.3. Culture-expanded skeletal-muscle-derived MSCs from patients with
osteoarthritis show superior osteogenesis and myogenesis in vitro
To verify if the multipotency of culture expanded muscle MSCs
diﬀers from bone MSCs in osteoarthritis, their adipogenic,
6
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Fig. 4. Culture expansion of the muscle and bone MSCs. (A) Colony forming unit ﬁbroblast (CFU-F) assays at p1 were signiﬁcantly higher for muscle MSCs compared
to bone MSCs (Welch's t-test). (B) Representative images of colonies formed by muscle and bone MSCs at p1 stained with methyl violet for quantiﬁcation in the CFU-F
assays. (C) Growth rate was signiﬁcantly higher for muscle MSCs compared to bone MSCs (Mann–Whitney test). (D) Doubling time was signiﬁcantly lower for muscle
MSCs compared to bone MSCs (Mann–Whitney test). (E) Average cumulative population doubling in long-term cultures (after p5) was also higher for muscle MSCs,
with longer lifespans compared to bone. (F) Proportions of β-galactosidase-positive senescent muscle and bone MSCs were similar (Mann–Whitney test). (G)
Representative images of senescence-associated β-galactosidase staining of muscle and bone MSCs at p3/p4. Scale bars: 200 μm. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

no such cells were observed in cultures of bone derived MSCs under the
myogenic conditions applied (Fig. 5D). In control replicates, i.e. cell
cultures that did not receive any diﬀerentiation supplements, Alizarin
red S staining, Oil red O positive adipocytes or desmin positive cells
were not detected. The expression values of adipogenic genes were
negligible in controls in comparison with the treated cultures, while
osteogenic genes showed low expression levels in controls (data not
shown).

chondrogenic, osteogenic and myogenic potentials were determined
(Fig. 5, Table 1). Both muscle and bone MSCs showed variable levels of
adipogenic (Fig. 5A) and chondrogenic potentials (Fig. 5B) with similar
rates of Oil red O positive adipocytes, toluidine blue and Col2-positive
chondrogenic pellets, and similar Bern scores. In contrast, muscle MSCs
showed superior osteogenesis (Fig. 5C) and myogenesis (Fig. 5D)
compared to bone MSCs. The concentration of Alizarin red S was signiﬁcantly higher in muscle (0.2693 mg/mL) compared to bone
(0.1168 mg/mL). During myogenic diﬀerentiation long multi-nucleated
desmin-positive cells were observed in cultures of muscle MSCs, while
7
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Fig. 5. Multilineage diﬀerentiation of the muscle and bone MSCs. (A) Adipogenesis assessments using Oil Red O staining quantiﬁcation (left, Welch's t-tests) and
analysis of adipogenic gene expression (centre, two-way ANOVA) for the muscle and bone MSCs were similar. Representative images for Oil Red O staining analysis
for the muscle and bone are shown (right). (B) Chondrogenesis assessments using toluidine blue and Col2 staining (left) and Bern score (central) for muscle and bone
MSCs were similar (Mann-Whitney tests). Representative images (right) for cell pellets stained with toluidine blue and Col2 immunostaining for the muscle and bone
MSCs are shown. (C) Osteogenesis assessments using Alizarin Red S staining quantiﬁcation (left, Welch's t-tests) and analysis of osteogenic gene expression (centre,
two-way ANOVA) for the muscle and bone MSCs were similar. Representative images for Alizarin Red S staining analysis for the muscle and bone MSCs are shown
(right). (D) Myogenesis assessments using desmin immunostaining (left) showed signiﬁcantly superior myogenic potential for muscle MSCs compared to bone MSCs
(Mann-Whitney test). Representative images for desmin immunostaining for the muscle and bone MSCs are also shown (right). Scale bars: 200 μm (A, B, C); 1000 μm
(D). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 6. In vitro immunophenotyping of the muscle
and bone MSCs. (A) The immunophenotyping for
CD73, CD90 and CD105 (left) and for CD45, CD19
and CD14 (right) of in vitro expanded muscle and
bone MSCs (p1-p5) were similar (Mann-Whitney
test). (B) Representative dot plots for the muscle and
bone MSCs are also shown.

diﬀerences between the muscle and bone MSCs in the expression of the
cell-cycle regulator genes (SIRT1, CCND1) and stemness gene (OCT4)
(Fig. 7B). Hierarchical clustering of the marker-gene expression demonstrated several diﬀerent clusters for these muscle and bone MSCs,
which suggested that this marker panel cannot be used to distinguish
between these two MSC tissue sources (Fig. 7C). The heat map diagram
identiﬁed a small cluster of muscle MSCs with high GREM1 expression
(marked with red circle on Fig. 7C).

3.4. Culture-expanded skeletal-muscle- and bone-derived MSCs from
patients with osteoarthritis show similar in vitro immunophenotype
The muscle and bone MSCs showed similar immunophenotypes,
with high expression of the positive markers CD73, CD90 and CD105,
and low expression of the negative markers CD45, CD14 and CD19
(Fig. 6). The criteria set by the ISCT (Dominici et al., 2006) suggest that
positive markers are expressed by > 95% of all of the cells. This was
only achieved for CD73 for muscle (means: muscle, 95%; bone, 94%),
while the mean proportions for CD90 and CD105 were below the deﬁned levels (muscle, 91%, 87%; bone, 93%, 81%, respectively) (Fig. 6A
and B). The ISCT (Dominici et al., 2006) criteria also suggest that < 2%
of the cells should express the negative markers; this was fulﬁlled by the
MSCs from both of the tissues (muscle, 0.24%; bone, 0.54%; Fig. 6A and
B).

3.6. Adipogenic potential in muscle-derived MSCs from osteoarthritis
patients is highly associated with CD271 gene expression
The data from the correlation analysis showed highly signiﬁcant
positive correlation between the proportions of Oil-Red-O-positive
adipocytes and the expression of CD271 in the muscle MSCs (Fig. 7D).
For MSCs from both tissues, the expression of GREM1 was also highly
correlated with the CFU-F assay data at p1 (Fig. 7E).

3.5. Culture-expanded skeletal-muscle-derived MSCs from patients with
osteoarthritis show high gene expression of CD56

4. Discussion
To gain new insight into the MSC populations from patients with
osteoarthritis, gene expression proﬁles for several previously identiﬁed
MSC markers were compared between the muscle and bone MSCs
(Fig. 7). The data for the multitest comparison showed that CD56 expression was signiﬁcantly higher in the muscle MSCs (mean, 4.193)
compared to the bone MSCs (mean, 1.117) (Fig. 7A). There were no

Osteoarthritis is a complex disease with accompanying inﬂammation that aﬀects the entire joint (Lories and Luyten, 2011). While there
is no cure, cellular therapy using autologous MSC for joint regeneration
has shown promising results in alleviating symptoms and is being
routinely used despite the lack of detailed understanding of the
9
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Fig. 7. Gene expression proﬁling of the culture-expanded muscle and bone MSCs.
(A) Gene expression analysis of MSC population
markers showed signiﬁcantly higher expression of
CD56 for muscle MSCs compared to bone MSCs (twoway ANOVA with Bonferroni post-hoc tests). (B)
Gene expression analysis of stemness (OCT4) and
cell-cycle (CCND1, SIRT1) markers were similar
(two-way ANOVA with Bonferroni post-hoc tests). (C)
Representative one-way hierarchical clustering of
marker-gene expression in the muscle and bone
MSCs (rows, individual samples; columns, marker
genes; red, gene expression lower than reference
channel; green, gene expression higher than reference channel). The clustering tree analysis is also
shown (left). Red circle shows a small cluster of
muscle MSCs with high GREM1 expression. (D)
Scatter plot showed signiﬁcant correlations between
CD271 gene expression and Oil Red O positivity of
adipocytes in muscle MSCs (Spearman correlation
analysis). (E) Scatter plot showed signiﬁcant correlations between Gremlin 1 gene expression and
quantiﬁcation in the colony forming unit ﬁbroblast
(CFU-F) assays at p1 for the combined muscle and
bone MSCs (Spearman correlation analysis). CCND1:
cyclin D1; GREM1: Gremlin 1; NGS: chondroitin
sulfate proteoglycan 4; LEPR: leptin receptor; OCT4:
POU class 5 homeobox; Pax7: paired box 7; PDGFRα:
platelet-derived growth factor α; PW1: paternally
expressed 3; SIRT1: sirtuin 1. (For interpretation of
the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

Our data indicate superior biological properties of muscle MSCs
compared to their bone counterparts, including signiﬁcantly increased
viability, clonogenicity, growth kinetics as well as osteogenic and
myogenic potentials.
Currently the most well-recognized tissue sources of MSCs in regenerative medicine are autologous bone marrow and adipose tissue
(Čamernik et al., 2018a, 2018b). Cell therapies derived from these two
tissues have shown promising results for the treatment of various degenerative disorders of the joints, including osteochondral lesions. In
order to achieve a maximal therapeutic eﬀect however, a substantial
number of cells are necessary which requires in vitro expansion (Kim
and Park, 2017). This can pose a problem as prolonged culturing of cells
has been shown to aﬀect their characteristics (Kim and Park, 2017). In
order to minimize the amount of time cells need to remain in culture to
achieve suﬃcient numbers, MSCs with high proliferation and colony
forming capabilities are desirable. Our results show that muscle derived
MSC from patient with osteoarthritis show signiﬁcantly higher growth

underlying mechanism of action (Čamernik et al., 2018a). Several tissues of the joints including bone marrow (Campbell et al., 2016;
Murphy et al., 2002; Sakaguchi et al., 2004, 2005; Scharstuhl et al.,
2007; Stiehler et al., 2016), trabecular bone (Jones et al., 2010; Tuli
et al., 2003), synovium (De Bari et al., 2001; Kohno et al., 2017), cartilage (Jayasuriya et al., 2018), and muscle (Tedesco et al., 2010) have
been studied as sources of MSCs and have shown diﬀerent regenerative
potentials. Previously, Sakaguchi et al. have shown that suspended cells
from trabecular bone isolated by collagenase digestion become virtually
identical to MSCs obtained from marrow aspirates (Sakaguchi et al.,
2004).
However, studies directly comparing MSCs from diﬀerent musculoskeletal tissues within the same patients are rare and except for bonemarrow MSCs, not much in known about the impact of various musculoskeletal disorders such as osteoarthritis on MSCs. To this end, we
performed detailed ex vivo and in vitro analyses of paired samples of
muscle and bone MSCs from osteoarthritis patients.
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(Leijten et al., 2013; Leijten et al., 2012). The data here further show
that this is the case for the bone MSCs, and suggest that due to the
higher GREM1 expression seen for muscle MSCs, they might be a favorable source of cells that can prevent cartilage hypertrophy, hence
bearing promising potential for further studies.
In agreement with previous studies (Arrighi et al., 2015; Uezumi
et al., 2016), the muscle MSCs in the present study express a wellknown muscle marker CD56, conﬁrming the adequacy of our study.
Along with paired box 7 (Pax7), M-cadherin and integrin α7, CD56 is a
marker for human satellite cells, and this enables the isolation of human
satellite or myogenic cells that are distinct from mesenchymal progenitors with adipogenic potential (Uezumi et al., 2016).
Moreover, we show here that the expression of CD271 in the muscle
MSCs is highly associated with their adipogenic potential. Previously,
accumulation of CD271-positive cells has been shown in bone adjacent
to cartilage defects, and in areas of osteochondral angiogenesis
(Campbell et al., 2016). Another study showed that CD271-positive
MSCs are abundant in the trabecular bone cavity, and show aging-related loss of proliferation in osteoarthritis (Jones et al., 2010). Perivascular CD271-positive stromal cells were also shown to expand in
synovial tissues in rheumatoid arthritis and osteoarthritis, thus indicating pro-inﬂammatory properties (Del Rey et al., 2016). Skeletal
muscle adipose tissue inﬁltration (i.e., myosteatosis) has been previously implicated in the pathogenesis of osteoarthritis, which suggested the contribution of several MSCs subpopulations toward skeletal
muscle adipogenesis (Hamrick et al., 2016). Further studies are required to evaluate the functional role of these CD271 expressing muscle
MSCs in this process.
The major limitation of this study is that we were not able to perform all of the analyses for the complete study cohort, as shown in
Table 1. Isolation of primary cells is a tedious procedure and the success
of the isolation procedure diﬀers between patients. Some cells did not
expand enough beyond p0 to be able to perform multiple analyses requiring substantial numbers of cells. However, this is a genuine situation and the size of the present study cohort is comparable to previous
studies (Campbell et al., 2016; Kohno et al., 2017; Murphy et al., 2002;
Stiehler et al., 2016). Another limitation of our study is that the analyses were not performed at single clonal population but at a heterogeneous mixture of muscle or bone-derived MSCs. We are aware that
single clones within the same patients might show diﬀerent biological
features, and further studies are awaited to prove that.

rates, colony forming capabilities and mean population doubling levels
compared to their bone counterparts. While MSCs from osteoarthritic
bone reached on average 7 population doublings, muscle derived cells
were maintained in culture for up to 20 population doublings. This is
comparable to what is reported in literature for MSCs derived from
healthy individuals (Tarte et al., 2010).
With regards to the immunophenotype of MSCs, ISCT recommends
minimal expression of common surface markers CD90, CD73 and
CD105 to be higher than 95% (Dominici et al., 2006). In our study only
muscle MSCs showed such as high expression of CD73. However according to the Food & Drug Administration (FDA), many researchers
report much lower values such as 87 ± 7.17% for CD90, 86 ± 7.24%
for CD73 and 88 ± 7.54% for CD105 (Mendicino et al., 2014). Kohno
et al. reported values of CD105 as low as 62.7% in synovial MSCs form
osteoarthritis patients, without apparent loss of multilineage capabilities (Kohno et al., 2017). Indeed, it is not clear how the expression
of these markers aﬀects the characteristics of MSC or in contrast how
these markers are aﬀected by disease, culture environment and in vitro
cell manipulation. As suggested by ISCT more work is needed to identify and properly deﬁne the desired characteristics that MSCs used for
cellular therapy should possess (Galipeau et al., 2016).
MSCs are capable of multilineage diﬀerentiation and can thus aid in
tissue repair by replacing damaged tissue. There is evidence that muscle
is capable of supplying osteoprogenitor cells in the bone fracture
healing process in particular in cases where the periosteum is insuﬃcient (Davis et al., 2015). Our results show that muscle MSCs of
osteoarthritis patients are indeed multipotent and have superior osteogenic and myogenic potentials compared to their bone counterparts,
with similar adipogenic and chondrogenic potentials.
It is important to emphasize these properties were not evaluated on
single clone level, but in a heterogeneous population of MSCs obtained
upon culture expansion. Previous studies have shown great variations
in MSC cultures not only among donors and within populations expanded from the same donor, but also debatably within single-cell-derived colonies (Rennerfeldt and Van Vliet, 2016). However, it has also
been shown that the multipotent clones in human bone marrow are
highly proliferative in terms of their colony-forming eﬃciency and
capacity for ex vivo expansion (Russell et al., 2011). It might be that our
heterogeneous cultures derived from osteoarthritis patients resemble
the biological properties of the dominant, i.e. highly proliferative
clones, however further studies are needed to prove that.
It is however debatable whether or not MSC diﬀerentiation is the
only mechanism of action of MSCs used in cellular therapy. It is becoming widely accepted, that MSCs function in a paracrine manner.
When entering an inﬂammatory environment, like the osteoarthritic
joint, MSCs respond to the pro-inﬂammatory environment and undergo
polarization toward inhibitory functionality (Galipeau et al., 2016).
Future research should therefore focus on evaluating the immunomodulatory activity and secretory proﬁle of MSCs from diﬀerent
tissue sources to determine their potency as a pharmaceutical product
(Galipeau et al., 2016; Mendicino et al., 2014).
MSCs represent a heterogeneous population of several diﬀerent
progenitor cells. These cells are identiﬁed based on a combination of
speciﬁc surface markers, such as PDGFRA, CD56 and others. In order to
determine, whether a set of markers exist with which we could diﬀerentiate between muscle and bone MSC, we measured the expression of
commonly reported surface markers. Based on the heatmap created
from gene expression data we could not diﬀerentiate between the two
tissue sources using the selected marker panel, however the heatmap
diagram did show a small cluster of muscle MSCs with high GREM1
expression. Correlation analysis showed that increased expression of
GREM1 is signiﬁcantly correlated to colony forming capability. Leijten
et al. proposed that GREM1 acts as a natural brake on hypertrophic
diﬀerentiation of articular chondrocytes, one of the proposed underlying pathophysiological mechanisms of osteoarthritis (Leijten et al.,
2013). In osteoarthritis, GREM1 is strongly down-regulated in cartilage

5. Conclusions
We have showed that autologous muscle derived MSCs from osteoarthritis patients show superior colony forming capabilities and in
vitro expansion capacities compared to bone derived MSCs. These are
key properties for the selection of optimal cell sources for joint regeneration in future clinical trials of osteoarthritis. Finally, we have
extended the potentially pathological role of CD271-positive cells to
skeletal muscle, suggesting that in osteoarthritis these cells are adipogenic and can contribute to muscle steatosis.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.scr.2019.101465.
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