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OXPHOS capacity
Mesoangioblasts were seeded at 20,000 cells/well 1 day prior
to analysis, and the OXPHOS capacity was assessed using
the Seahorse XF Cell Mito Stress Test kit (Agilent) on the
Seahorse XF96 extracellular flux analyzer (Agilent) according
to the manufacturer’s protocol. For the mitochondrial stress
test, the following injections were subsequently used: 1 μM
oligomycin, 0.6 μM carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP), and a combination of 1 μM rote-
none and 1 μM antimycin A.

Statistical analyses
A beta linear regression model was constructed to de-
scribe the myogenic fusion index (%). A hierarchical
model was built, including interactions, allowing for
sex, the age at muscle biopsy, and the mtDNA muta-
tion load in mesoangioblasts (log scale) to be taken
into account. The inference criterion used for com-
paring the models is their ability to predict the ob-
served data, i.e., models are compared directly
through their minimized minus log-likelihood. When
the number of parameters in models differs, they are
penalized by adding the number of estimated parame-
ters, a form of the Akaike information criterion (AIC)
[30]. All statistical analyses presented were performed
using the freely available program R [31] and the
publicly available libraries “gnlm” [32].

Results
Mutation load mtDNA point-mutations in skeletal muscle
and mesoangioblasts
From all mtDNA point-mutation carriers included in
this study, each familial mutation was detected in hair,
blood, and/or urine. A vastus lateralis muscle biopsy
was performed to establish the mtDNA mutation load in
skeletal muscle and isolate MABs. From each subject,
mesoangioblasts were stained with alkaline phosphatase
(AP) and single AP-positive cells were collected using a
micromanipulator. The mtDNA mutation load was ana-
lyzed in a minimal 15 single cells per subject. As shown
in Fig. 1, for the majority of m.3243A>G mutation car-
riers, the mutation load was drastically lower in MABs
compared with skeletal muscle of the same individual.
For the m.8363A>G mutation, this was different. In two
persons (M01, M08) with a skeletal muscle m.8363A>G
load between 41 and 51%, the median MAB mutation load
was 0%, while two other m.8363G>A carriers (M18 and
M20) with a high mutation load in skeletal muscle had a
comparable mutation load in MABs (respectively 89% and
91%). For the two other tRNA Leu mutations, m.3271
T>C and m.3291 T>C, mother and daughter were ana-
lyzed. In both cases, the daughters (M02 and M11) dis-
played a high mutation load in both skeletal muscle and
MABs compared to their mothers. The m.11778G>A mu-
tation was analyzed in MABs and skeletal muscle of two
siblings, M34 and M37. M34 and M37 respectively carried

Fig. 1 mtDNA mutation load per mtDNA point-mutation in single mesoangioblasts. The mtDNA mutation load in single mesoangioblasts in
carriers from 5 different mtDNA point-mutations: a m.3243A>G, b m.3271 T>C, c m.3291 T>C, d m.8363G>A, and e m.11778G>A. Each gray dot
represents the mtDNA mutation load in a single mesoangioblast (> 15 per person were analyzed). Asterisk indicates mean mtDNA mutation load
in skeletal muscle. Dotted black line indicates median mtDNA mutation load analyzed in single mesoangioblasts
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> 90% and 53% of them.11778G>A mutation in muscle.
The distribution of the m.11778G>A mutation load in sin-
gle mesoangioblasts was different, as single M34 MABs
were either > 90% or (near) wild-type, whereas single M37
MABs were more heterogeneous and displayed a
spectrum between 0 and 100%.

Large-scale deletions in skeletal muscle and
mesoangioblasts
For six carriers of a sporadic large-scale deletion in skel-
etal muscle, this deletion was undetectable following
PCR amplification of the complete mtDNA in mesoan-
gioblasts (see Fig. 2). Four of the six patients carried the
most frequently occurring mtDNA deletion of 4977 bp.
The m.8482_13460 breaking points were confirmed in
the muscle tissue of these patients, but were also not de-
tected in the isolated mesoangioblasts (data not shown).
For patients M23 and M33, the large-scale deletion ana-
lysis was also performed in blood, but no large-scale de-
letions were detected as well (data not shown).

Mesoangioblast characterization, proliferation, and
myogenic differentiation capacity
The mesoangioblasts from mtDNA mutation carriers
(M06, M10, M19, M34) proliferated similar to controls
(19 ± 4 population doublings, starting from passage 4).
Mesoangioblasts isolated from subjects between 21 and
63 years old were analyzed, and no correlation between
age at biopsy and proliferation capacity was observed. In
mesoangioblasts with < 10% mtDNA mutation load, re-
petitive analysis of the mutation load at passages 4, 6, 9,
and 15 showed a maximal difference in mutation load of
2.4%. Immunophenotype analysis was performed, and
the MAB cultures were positive for CD13 (99.6 ± 0.5%)
and CD44 (99.4 ± 0.8%), and negative (< 5%) for CD31
(0.6 ± 0.5%), CD34 (1.0 ± 1.9%), and CD45 (0.5 ± 0.5%)
(n = 13) (see Additional file 1: Table S3). When analyzed

at passage 2, two cultures displayed > 5% CD34 expres-
sion, which was lost at passages 5 and 8, respectively. In
addition, analysis of CD56 showed > 5% CD56+ cells in 6
out of 13 cultures. Magnetic activated cell sorting (MACS)
using CD56+ beads demonstrated efficient depletion of
CD56+ cells (< 5%). To assess the myogenic potency of
MABs isolated from mtDNA mutation carriers, MABs
from patients of varying age and with varying mtDNA mu-
tation load were in vitro differentiated in multinucleated
myotubes after culture in myogenic medium. The observed
percentage of multinucleated fibers ranged between 0 and
37.1% (n = 18) (Additional file 1: Table S4). The best linear
regression model included an interaction between age at bi-
opsy and the log mtDNA mutation load in mesoangio-
blasts, as shown in Fig. 3. Analysis of the mtDNA mutation
load after in vitro myogenic differentiation was not signifi-
cantly changed 1.5% ± 1.7% in MAB-derived myotubes
compared with undifferentiated MABs (n = 4).

Mitochondrial OXPHOS capacity and mtDNA copy
number in mesoangioblasts
The mtDNA copy number was determined in all
mtDNA mutation carriers and controls. As shown in
Fig. 4, mesoangioblasts contain on average 148 ± 56
(mean ± S.D.) mtDNA copies per cell. No clear correl-
ation between mesoangioblasts with a high or low mu-
tation load could be observed, nor a correlation
between type of mutation and mtDNA copy number.
Mutations in tRNAleu are known to affect the oxygen
consumption rate. We assessed the oxygen consump-
tion rate in six mesoangioblast cultures of tRNAleu
mutation carriers. Four had no or low mtDNA muta-
tion load (< 10%) (M06, M10, M22, CTRL) and dis-
played normal mitochondrial function (Fig. 5), while
two mesoangioblast cultures with a high > 80% mtDNA
mutation load (M02 and M11) displayed aberrant mito-
chondrial function.

Fig. 2 Semi-quantitative analysis of large-scale mtDNA deletions in mesoangioblasts and skeletal muscle. The 16.5 kb mtDNA was PCR amplified
and analyzed on a 0.7% agarosegel. M, mesoangioblasts; S, skeletal muscle
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Discussion
In 11 out of 19 mtDNA point-mutation carriers, the
mean mutation load was more than 50% lower in
mesoangioblasts compared with skeletal muscle. More-
over, the mesoangioblast mutation load was below 10%
in 9 individuals (Fig. 1). This drastic difference in muta-
tion load between mesoangioblasts and skeletal muscle
was observed for all five mutations analyzed, but most
frequently in carriers of the m.3243A>G mutation (7 of
9 cases). Moreover, large-scale deletion(s) were not ob-
served in mesoangioblasts of any of the mtDNA deletion
carriers. At this moment, we cannot exclude that the
mtDNA deletion was present in MABs when residing qui-
escent in the skeletal muscle. The mtDNA mutation may
also be lost during the first proliferation step ex vivo, as

has been reported by Spendiff et al. for satellite cells from
carriers of a large-scale mtDNA deletion. In most of the
eight analyzed patients in that study, the mtDNA deletion
was present in satellite cells, but lost upon satellite cell ac-
tivation and myoblast proliferation [16]. In contrast,
MABs of a number of mtDNA point-mutation carriers in
our study did display a high mtDNA mutation load (see
Fig. 1). The low mtDNA mutation load in MABs of other
point-mutation carriers are therefore unlikely a conse-
quence of preferential expansion of MABs that contain a
low mtDNA mutation load or due to selection against
mutated MABs, although this cannot be fully excluded.
Satellite cell activation has been exploited to effectu-

ate alterations in the mtDNA mutation load in patients
[8, 13, 14, 33]. Based on our findings, mesoangioblasts

Fig. 3 Myogenic potency of mesoangioblasts from mtDNA carriers. The myogenic potential was quantified following 10 days of differentiation in
2% horse serum containing medium and quantification of the myogenic fusion index, namely the number of nuclei (DAPI) in myosin-positive
(MF20) muscle fibers per total number of nuclei per field. a Example image of 10 days differentiated MABs following MF20 immunostaining of
myotubes (green) and DAPI nuclear stain (blue). b Interaction between age at biopsy and the mesoangioblast mtDNA mutation load (irrespective
of type of mtDNA mutation) on the spontaneous myogenic potential of mesoangioblasts, using the best linear regression model obtained and
described by E(Myogenic fusion index) = 0.146 − 0.00155 × age − 0.0394 × ln(MABs) + 0.00056 × age × ln(MABs)

Fig. 4 Mesoangioblast mtDNA copy number. The mean mtDNA copy number per cell line was determined by qPCR analysis of mtDNA D-loop
and nuclear B2M. Per sample, the mean mtDNA copy number ± S.E.M. is shown. The solid line represents the mean mtDNA copy number
calculated from all samples (n = 27), and dashed lines indicate mean ± 2 S.D.
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