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Abstract

Background: Pluripotent stem cells present the ability to self-renew and undergo differentiation into any cell type
building an organism. Importantly, a lot of evidence on embryonic stem cell (ESC) differentiation comes from
in vitro studies. However, ESCs cultured in vitro do not necessarily behave as cells differentiating in vivo. For this
reason, we used teratomas to study early and advanced stages of in vivo ESC myogenic differentiation and the role
of Pax7 in this process. Pax7 transcription factor plays a crucial role in the formation and differentiation of skeletal
muscle precursor cells during embryonic development. It controls the expression of other myogenic regulators and
also acts as an anti-apoptotic factor. It is also involved in the formation and maintenance of satellite cell population.

Methods: In vivo approach we used involved generation and analysis of pluripotent stem cell-derived teratomas.
Such model allows to analyze early and also terminal stages of tissue differentiation, for example, terminal stages of
myogenesis, including the formation of innervated and vascularized mature myofibers.

Results: We determined how the lack of Pax7 function affects the generation of different myofiber types. In Pax7
−/− teratomas, the skeletal muscle tissue occupied significantly smaller area, as compared to Pax7+/+ ones. The
proportion of myofibers expressing Myh3 and Myh2b did not differ between Pax7+/+ and Pax7−/− teratomas.
However, the area of Myh7 and Myh2a myofibers was significantly lower in Pax7−/− ones. Molecular characteristic
of skeletal muscles revealed that the levels of mRNAs coding Myh isoforms were significantly lower in Pax7−/−
teratomas. The level of mRNAs encoding Pax3 was significantly higher, while the expression of Nfix, Eno3, Mck,
Mef2a, and Itga7 was significantly lower in Pax7−/− teratomas, as compared to Pax7+/+ ones. We proved that the
number of satellite cells in Pax7−/− teratomas was significantly reduced. Finally, analysis of neuromuscular junction
localization in samples prepared with the iDISCO method confirmed that the organization of neuromuscular
junctions in Pax7−/− teratomas was impaired.
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Conclusions: Pax7−/− ESCs differentiate in vivo to embryonic myoblasts more readily than Pax7+/+ cells. In the
absence of functional Pax7, initiation of myogenic differentiation is facilitated, and as a result, the expression of
mesoderm embryonic myoblast markers is upregulated. However, in the absence of functional Pax7 neuromuscular
junctions, formation is abnormal, what results in lower differentiation potential of Pax7−/− ESCs during advanced
stages of myogenesis.
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Background
Pluripotent stem cells (PSCs), such as embryonic stem
cells (ESCs), serve as a tool to analyze the processes re-
sponsible for the cellular differentiation occurring during
mammalian development. Under appropriate culture con-
ditions, ESCs self-renew and sustain their undifferentiated
character but at the same time they are ready to undergo
differentiation into any cell type building an organism [1].
Unfortunately, despite many years of research, some as-
pects of molecular mechanisms driving the differentiation
of PSCs into functional myofibers remain obscure. In vitro
cultured mouse ESCs are unable to differentiate spontan-
eously into fully formed, i.e., innervated and vascularized,
skeletal muscle tissue. The most common in vitro ap-
proach to induce myogenic differentiation of ESCs de-
pends either on the formation of embryoid bodies (EBs)
and EB outgrowths [2–7] or ESC incubation in the pres-
ence of demethylating agents [3, 8]. Unfortunately, these
methods are rather inefficient and poorly controllable.
Myogenic differentiation could be enhanced by ESC gen-
etic modifications or specific culture conditions involving
complicated culture schemes recapitulating environmental
changes occurring during embryonic myogenesis ([8–11],
reviewed in [12, 13]). However, even under such condi-
tions, differentiation of ESCs is limited to the early stages
of myogenesis.
One of the in vivo experimental models allowing ESCs

to differentiate into myofibers is based on the generation
of non-malignant tumors, so-called teratomas. This un-
fortunately underestimated model bases on the fact that
ESCs injected under mouse skin or into intracapsular
space of the kidney form teratomas composed of variety
of cells and tissues originating from all three germ layers
[14]. The teratoma assay enables investigation of ESC
spontaneous differentiation in vivo. Importantly, it also
includes signals resulting from three-dimensional cell-
to-cell interactions. Many studies validated such in vivo
model as suitable for studying the differentiation of PSCs
of various species, including mouse [15, 16] and human
[17–19]. For example, teratomas obtained from induced
pluripotent stem cells (iPSCs) derived from fibroblasts of
Ts65Dn mouse mutant were used to follow the mechan-
ism of reduced cancer incidence observed in humans
with Down’s syndrome. As a result of this study,

significantly compromised blood vessel network was de-
termined as responsible for reduced tumor growth ra-
ther than, as suggested in previous research, anticancer
effect of genes located in chromosome 21 [20]. Such
model was also successfully applied to study the expres-
sion of genes coding muscle-related proteins [21] or spe-
cific gene mutations [22, 23]. Teratomas also served as a
tool in the research of skeletal muscle formation. In
1990, Muntener and coworkers investigated the inter-
action between neurons and muscle tissues in teratomas
developing in the testes of 129/Sv mice and reported for-
mation of neuromuscular junction (NMJ) [15]. Terato-
mas were also used to analyze the introduction of
human artificial chromosome carrying functional gene
coding dystrophin into iPSCs derived from mdx mice
[17]. Next, within teratomas, mesoangioblast-derived
iPSCs were more prone to differentiate into muscles
than into other types of cells [16]. Recently, Chan and
coworkers reported that PSCs differentiating within tera-
tomas produced functional embryonic-like muscle stem
cells which were able to engraft with high efficiency and
regenerate serially injured muscle [24]. Thus, teratomas
certainly allow to study terminal myogenic differenti-
ation, including the formation of myoblasts, myotubes,
and innervation of myofibers, i.e., analyze skeletal muscle
formation within the complex in vivo environment ([15],
for the review see [25]). Such model could be also useful
to test the molecular network behind the “decisions”
taking place during the ESC myogenic differentiation,
especially during the regulation of the embryonic-fetal
transition occurring during myogenesis. Thus, taking
into consideration all data supporting the teratomas as a
tool to test PSC potency, we decided to use it as a model
allowing to determine the role of Pax7 in ESC
differentiation.
During embryonic development, the Pax transcription

factors are involved in the regulation of cellular distribu-
tion, specification, differentiation, and finally organogen-
esis [26, 27]. Pax3 and Pax7 are paralogs which contain
a characteristic set of domains, including a paired do-
main, an octapeptide motif, and a homeodomain (for the
review, see [28]). They are involved in muscle develop-
ment, i.e., regulate behavior of myogenic progenitors
and their entry into the program of skeletal muscle
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formation (reviewed in [29, 30]). Pax3 function is indis-
pensable for migration of muscle precursors to the de-
veloping limbs [31]. Its expression is downregulated in
most hindlimb muscles before birth, whereas it is main-
tained in the limited subpopulation of muscle-specific
stem cells—satellite cells (SCs), within most forelimb
and trunk muscles [32]. In contrast, Pax7 role in muscle
development appears to be less critical, i.e., mice lacking
this factor are characterized by reduced amount of
muscle tissue but histological structure of muscles is
generally normal [33, 34]. However, such muscles
present significant loss or even lack of SCs [35, 36].
Pax3 and Pax7 impact the myogenic precursor cell

specification and differentiation by regulating the expres-
sion of genes encoding myogenic regulatory factors
(MRFs): myogenic factor 5 (Myf5), myogenic differenti-
ation 1 (MyoD), muscle-specific regulatory factor 4
(Mrf4), and myogenin (MyoG) (for the review, see [28]).
Additionally, during myogenesis, Pax3 and Pax7 control
transition of myoblast differentiation from embryonic to
fetal one [37]. In mouse embryo, embryonic, i.e., pri-
mary, myogenesis depends on Pax3 function and occurs
between 11 and 13 days of development [37, 38]. Popula-
tion of myogenic precursor cells gives rise to embryonic
myoblasts which express the so-called early MRFs, i.e.,
MyoD, Myf5 [39], and specific markers, such as Pax3,
nuclear factor of activated T cells (Nfatc4, [40]), myocyte
enhancer factor 2C (Mef2c, [41]), or isoform 3 of myosin
heavy chains (Myh3, [42]). Next, embryonic myoblasts
differentiate to primary myotubes, which become inner-
vated between 14 and 15 days of development ([43],
reviewed in [44]). Finally, primary myotubes form slow
twitching myofibers expressing the so-called late MRFs:
Mrf4, MyoG, and myosin heavy chain isoforms 7 (Myh7,
[40, 42]). Simultaneously, between 15 and 18 days of de-
velopment, fetal, i.e., secondary, myogenesis begins. At
this stage, muscle precursor cells downregulate Pax3,
start to express Pax7, and differentiate into fetal myo-
blasts [27]. Except MyoD and Myf5, fetal myoblasts ex-
press such specific markers as nuclear factor one X
(Nfix, [45]), enolase 3 (Eno3, [46]), myocyte enhancer
factor 2A (Mef2a, [45]), muscle creatine kinase (Mck,
[41]), and integrin subunit alpha 7 (Itga7, [47]). Second-
ary myotubes, which arise from fetal myoblasts, are gen-
erally smaller from adjacent primary myofibers, and
their formation depends on motoneuron innervation
[48]. They form fast twitching myofibers which express
myosin heavy chain isoforms 2 (Myh2) and also late
MRFs [42, 49].
Previous in vitro study conducted by Messina and co-

workers suggested that Pax7 participates in switching
myoblast differentiation from embryonic to fetal [45]. In
in vitro cultured myoblasts isolated from 11.5 d.p.c.
mouse embryos, Pax7 was sufficient to activate

transcription of Nfix and thus initiate the fetal program
[45]. Nfix activates the expression of fetal-specific genes:
Prkcq—encoding protein kinase C theta (nPKC-theta),
Itga7, and Mef2a. Mef2a regulates transcription of genes
encoding metabolic enzymes Mck and Eno3. At the
same time, the expression of the embryonic specific
genes, such as Pax3, as well as Myh3 and Myh7, and
Nfatc4, which activate expression of Myh7, was re-
pressed [45]. Transcriptional inhibition of Nfi gene fam-
ily (including Nfix) affects fetal myoblast differentiation
and fusion by decreasing the expression of MyoG and
Itga7 [45]. Consequently, less myoblasts was able to fuse,
and for this reason, resulting myotubes were consider-
ably smaller. In Pax7−/− mouse embryos, analyzed at
16.5 d.p.c., Nfix expression was decreased, but normal in
14-day-old Pax7−/− mouse [45]. However, the role of
Pax7 as intermediary factor involved in switching from
embryonic to fetal program was not fully dissected.
Thus, the crucial information on Pax7 function is still
missing.
In our previous studies, we analyzed the role of Pax7

in the formation of myoblasts from mouse ESCs differ-
entiating in vitro in embryoid bodies [3] as well as in the
presence of methylation reducing agent 5-azacytidine
[8]. Using EBs as a differentiation model, we showed that
even in the absence of functional Pax7 ESCs could form
Pax3+, MyoD+, or Myf5+ myoblasts and multinucleated
myotubes [3]. Next, the absence of functional Pax7 did
not influence Nfix transcription level and fetal myoblast
formation during in vitro differentiation of ESCs [3].
The major differences between Pax7+/+ and Pax7−/−
cells concerned the cell cycle regulation and miRNA ex-
pression [3, 4]. Thus, our in vitro studies confirmed that
the absence of functional Pax7 caused positive effect on
ESC proliferation and early stages of their myogenic dif-
ferentiation, as well as on the proliferation of mouse em-
bryonic fibroblasts [4]. On the other hand, in the
presence of methylation reducing agent 5-azacytidine,
ESCs lacking functional Pax7 (Pax7−/− ESCs) were char-
acterized by higher expression of mesodermal lineage-
specific markers, such as platelet-derived growth factor
receptor alpha (Pdgfra), and also myogenic cell markers
like Pax3, Myf5, and MyoD [8]. We also demonstrated
that in vivo Pax7−/− ESCs were able to form teratomas
composed of cells and tissue originating from ecto-,
endo-, and mesoderm [3]. Next, regardless of genotype,
ESCs transplanted into regenerating muscle were detect-
able at day 7 of regeneration. Importantly, Pax7−/− ESCs
more efficiently populated regenerating muscle than
Pax7+/+ ESCs. Furthermore, Pax7−/− ESCs proliferated
more vigorously within the regenerating muscle. Unfor-
tunately, we were not able to localize ESCs in satellite
cell niche [8]. Abovementioned studies did not concern,
however, detailed analysis of the Pax7 role in in vivo
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differentiation of ESCs. In the current project, using
teratomas, we studied the role of Pax7 at the early and
advanced stages of in vivo ESC myogenic differentiation.
We also determined the role of Pax7 in the innervation
and development of the myofiber types. Finally, we
followed the formation of satellite cells in teratomas ob-
tained from Pax7+/+ ESCs and Pax7−/− ESCs.

Methods
Animal studies were approved by Local Ethics Commit-
tee No. 1 in Warsaw, Poland (permit number 356/2017),
according to European Union Directive on the approxi-
mation in laws, regulations, and administrative provi-
sions of the Member States regarding protection of
animals used for experimental and scientific purpose
[50, 51]. All mice were raised on the premises and main-
tained in the 12-h light/12-h dark cycle.

Preparation of feeder cells
Feeder cells, i.e., inactivated mouse embryonic fibroblasts
(MEFs), were prepared according to Robertson [52].
Briefly, primary MEFs were isolated from 13.5-day-old
embryos of F1(C57Bl6NxCBA/H) mice and cultured in
DMEM (with 4.500 mg/l glucose, Gibco) supplemented
with 10% heat inactivated fetal bovine serum (FBS,
Gibco) and penicillin and streptomycin (5.000 units
penicillin and 5mg streptomycin/ml, Gibco). They were
passaged several times and finally, after reaching con-
fluency, inactivated by treatment with mitomycin C
(10 μg/ml, Sigma-Aldrich) for 2 h. Growth-arrested
MEFs were then frozen and seeded as required.

Generation and in vitro culture of ESCs
C57Bl6N females carrying mutation in one allele of Pax7
gene were crossed with 129Sv males and genotyped as
described previously [33]. ESCs were generated from
blastocysts recovered from F1(C57Bl6Nx129Sv) Pax7+/−
females induced to superovulate by injection of 10 IU of
pregnant mare’s serum gonadotropin (PMSG, Folligon,
Intervet) followed 48–52 h later by 10 IU of human
chorionic gonadotropin (hCG, Folligon, Intervet) injec-
tion, allowed to mate with Pax7+/− males of the same
cross. Pregnant females were sacrificed 96 h after hCG
injection. ESCs were derived and characterized as de-
scribed previously [3], e.g., all the lines were genotyped
and karyotyped. Medium for ESC derivation was com-
posed of KnockOut Dulbecco’s modified Eagle’s medium
(KnockOut DMEM, Gibco) supplemented with 10%
serum replacement (SR, Gibco) with addition of nones-
sential amino acids (0.1mM, Gibco), L-glutamine (2mM,
Gibco), β-mercaptoethanol (0.1mM, Sigma-Aldrich),
penicillin and streptomycin (5.000 units penicillin and
5 mg streptomycin/ml, Gibco), murine leukemia in-
hibitory factor (LIF, 1000 IU/ml, ESGRO, Chemicon

International), and 12.5 μM MEK1 inhibitor—
PD98059 (Sigma-Aldrich). All experiments were car-
ried out on three wild type Pax7+/+ ESC lines (B3,
B5, B8) and three knock-out Pax7−/− ESC lines (B4,
AI7.15, T2M4), which we described previously [3].

In vivo differentiation of ESCs—teratoma formation
Three lines of ESC control (Pax7+/+, i.e., B3, B5, B8) and
three lines of ESCs lacking functional Pax7 (Pax7−/−, i.e.,
B4, AI7.15, T2M4) were cultured under standard condi-
tions to support pluripotency. After 4–5 days of culture,
ESC colonies were disaggregated in 0.05% trypsin/
EDTA for 3–5 min, washed once in the culture
medium, and then twice in PBS. Finally, 10 × 106 cells
were suspended in 100 μL 0.9% NaCl and injected sub-
cutaneously to isoflurane-anesthetized 3-month-old
F1(C57Bl6Nx129Sv) males. Thirty days post ESC trans-
plantation, if teratomas were 1 cm in diameter, then they
were isolated, weighed, frozen in liquid nitrogen cooled
isopentane, and then stored at − 80 °C. Infrequently, tera-
tomas developed very small (diameter ≤ 5mm) and poorly
differentiated, such material was excluded from the
analysis.

Histological analysis
Tissue sections of 10-μm thickness were obtained from
frozen teratomas using cryostat (Microm HM 505N;
Microm International GmbH), air-dried, stained with
Harris’s hematoxylin (Sigma-Aldrich) for 10 min and
eosin Y (Sigma-Aldrich) for 5 min, and mounted in
aqueous permanent mounting medium for microscopy
(Dako). Histological sections from teratomas were also
stained with Harris’s hematoxylin for 10 min, Gomori
Trichrome (Sigma–Aldrich) for 60 min, and mounted in
aqueous permanent mounting medium for microscopy
(Dako) according to the manufacturer’s instructions.
The histological scanner (Axio Scan Z1 Zeiss) and
Gimp2 software were used to evaluate the teratoma hist-
ology and to identify the area of muscle tissue in relation
to the total area of teratoma section. Five frozen sections
from different parts of each teratoma were analyzed.
Briefly, using Gimp2 software, muscle tissue visible
within the section was contoured and filled with color.
Next, the number of pixels within the colored area was
counted automatically and the proportion of the “col-
ored area” to the total surface, i.e., total number of pixels
within the analyzed section, was estimated.

Immunolocalization
Teratoma cryosections were fixed with 3% paraformalde-
hyde (Sigma-Aldrich) in PBS, at room temperature for
10 min, and permeabilized with 0.05% Triton-X 100
(Sigma-Aldrich) in PBS, at room temperature for 3 min.
The nonspecific antibody binding sites were blocked by
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incubation in 3% bovine serum albumin (BSA) in PBS at
room temperature for 30 min. Next, specimens were in-
cubated in primary antibody solutions, i.e., antibodies
anti: Myf5 (ab125301, Abcam; 1:100), Laminin (L9393,
Sigma-Aldrich; 1:500), Laminin (L8271, Sigma-Aldrich;
1:500), skeletal muscle myosin heavy chains (skMyh,
M7523, Sigma-Aldrich; 1:100), embryonic isoforms of
myosin heavy chains (Myh3, F1.652, DSHB; 1:10), slow
isoforms of myosin heavy chains (Myh7, BA-D5, DSHB;
1:10), fast isoforms of myosin heavy chains IIa (Myh2a,
2F7, DSHB; 1:10), fast isoforms of myosin heavy chains
IIb (Myh2b, BF-F3, DSHB, 1:50), neurofilament (NF-M,
2H3, DSHB, 1:50), synaptophysin 1 (101,004, Synaptic
Systems, 1:50), and AChR inhibitor fasciculin-II (F-650,
Alomone Lab, Rhodamine conjugated, 7 μg/ml) diluted
in 0.5% BSA in PBS, at 4 °C overnight. Afterwards, tera-
toma cryosections were incubated with appropriate sec-
ondary antibody conjugated with Alexa 488 (Molecular
Probes), Alexa 594 (Molecular Probes), or Alexa 633
(Molecular Probes) diluted 1:200 in 0.5% BSA in PBS at
room temperature for 2 h. To visualize the nuclei, speci-
mens were incubated in DRAQ5 (Biostatus Limited)
diluted 1:500 in PBS for 5 min. Finally, the specimens
were mounted with fluorescent mounting medium
(DakoCytomation). Specificity of primary antibodies was
confirmed by incubation of samples with secondary anti-
bodies only. The specimens were analyzed using Axio
Observer Z1 scanning confocal microscope (Zeiss)
equipped with LSM 700 software (Zeiss). To analyze
myogenic cell localization and myofiber formation, five
frozen sections from different parts of each teratoma
were examined. The number of Myf5+ cells was counted
using “ImageJ cell counter.” Gimp2 software was used to
evaluate the surface of skMyh. Briefly, visualized skMyh
was contoured and filled with color. Next, the number
of pixels within the colored area was counted automatic-
ally and the percentage of the “colored area” to the total
surface, i.e., total number of pixels within the analyzed
section, was estimated.

Analysis of different myofiber types’ representation
Using teratoma cryosections, immunolocalization of myo-
fibers expressing embryonic, slow, or fast myosin heavy
chains (Myh3, Myh7, Myh2a, or Myh2b) was performed
(immunolocalization procedure described above). The
histological scanner (Axio Scan Z1 Zeiss, available at the
Department of Immunology, Medical University of
Warsaw) and Gimp2 software were used to evaluate the
area occupied by embryonic, slow, and fast myofibers. The
area of myofibers expressing Myh3, Myh7, Myh2a, or
Myh2b was contoured and filled with color. Next, the
number of pixels within the colored area was counted
automatically and the percentage of the “colored area” in
relation to the total area of teratoma section was

estimated. Each analysis was performed at least in three
independent biological repeats.

Analysis of neuromuscular junctions
Teratoma cryosections were prepared using standard
procedure. To visualize myofibers, we used skeletal
muscle myosin heavy chain antibody (skMyh, M7523,
Sigma-Aldrich; 1:100); to visualize the neuromuscular
junctions, we used α-Bungarotoxin conjugated with
Alexa 488 (5 μg/ml, B13422, Molecular Probes) added to
the secondary antibody at the dilution 1:200. The fluor-
escence of α-Bungarotoxin bound to acetylcholine re-
ceptor was analyzed using Axio Observer Z1 scanning
confocal microscope (Zeiss) equipped with LSM 700
software. Figures were assembled using Adobe Photo-
shop CS6 Extended. To estimate and compare dimen-
sions of NMJ-positive (NMJpos) and NMJ-negative
(NMJneg) myofibers, we analyzed 3 fields of view of 3
teratoma cryosections for each Pax7+/+ and Pax7−/−
ESC line. At first, we counted the area of each myofiber
using Gimp2 software. The obtained area of myofiber
was compared to the circle with the same area (A).
Using the equation for the area of a circle (A = πR2), we
estimate the radius of the circle (R = √A/π). Then know-
ing the exact scale on the photo and formula on diam-
eter (D = 2R), we estimated the diameter of each circle,
i.e., myofiber.

3D NMJ analysis—tissue clearing (iDISCO) and imaging
One cubic centimeter teratoma blocks were stained and
cleared with modified iDISCO+ protocol [53]. Samples
were dehydrated in increasing concentrations of metha-
nol and further bleached with H2O2 solution (1:5 of 30%
H2O2 in methanol). After rehydration, samples were
stained with α-Bungarotoxin conjugated with Alexa 647
(ThermoFisher, B35450; 1:1000) for 3 days. Next, tera-
toma blocks were washed with PtwH solution (PBS/0.2%
Tween-20 with 10 μg/ml heparin) and dehydrated in in-
creasing concentrations of methanol. Methanol was fur-
ther washed out with dichloromethane (DCM) at first
using solution of 1:2 methanol in DCM followed by two
washes in pure DCM. Finally, samples were placed for
1 week in dibenzyl ether (DBE). Cleared samples were
imaged with home-built light-sheet microscope [54, 55]
equipped with immersion objective LaVisionBioTec 4x
NA 0,5, WD 6mm and camera Hamamatsu Orca-
Flash4.0. Laser 638 nm was used for excitation of fluoro-
phores. Data were collected with 4-μm Z step and reso-
lution in XY 1.45 × 1.45. Single plane was acquired from
sequence of photos 800 × 1500 μm. TeraStitcher v 1.10.4
was used for stitching of tiles [56]. Videos were prepared
in Imaris (Bitplane Inc. Imaris v 9.1) for surface gener-
ation; background was settled for values below 150 in
grayscale.
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RNA isolation and qPCR
mRNA was isolated from teratomas, using mirVana Iso-
lation Kit (Thermo Fisher Scientific). mRNA analysis re-
verse transcription was performed using 1 μg total RNA
and RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific) according to the manufacturer’s in-
struction. qPCR was performed using specific TaqMan®
probes: Mm02019550_s1 (Nanog), Mm00435493_m1
(Pax3), Mm00435125_m1 (Myf5), Mm00440387_m1
(Myod1), Mm00446194_m1 (MyoG), Mm00483191_m1
(Cdh15), Mm01318252_m1 (T encoding Brachyury),
Mm00477791_m1 (Nfix), Mm00468267_m1 (Eno3),
Mm01321487_m1 (Mck), Mm00434400_m1 (Itga7),
Mm01318991_m1 (Mef2a), Mm00452375_m1 (Nfatc4),
Mm01332463_m1 (Myh3), Mm01332564_m1 (Myh2),
Mm01319006_g1 (Myh7), Mm01332541_m1 (Myh4),
Mm01226102_m1 (Lama1), Mm00493080_m1 (Lamb2),
Mm01193660_m1 (Lama4), Mm01222010_g1 (Lama5),
Mm01248771_m1 (RbFox3), Mm00446859_m1 (Otx2),
Mm01205647_g1 (Actb), and the TaqMan Gene Expres-
sion Master Mix (Thermo Fisher Scientific). Data were
normalized against Actb. Data were also standardized
against expression observed in mouse embryos at day
13.5. All qPCRs were performed on LightCycler96 in-
strument (Roche). Amplification curves were analyzed
using LightCycler 96 SW1.1 software (Roche) for deter-
mination of Ct. 2–ΔΔCT analysis was performed accord-
ing to Livak and Schmittgen [57].

Western blotting
Teratomas were homogenized and lysed in RIPA buffer
containing protease inhibitors (Complete, Roche), and ob-
tained lysates were kept on ice for 30min, centrifuged,
and stored at − 80 °C. Protein concentration was deter-
mined by using Bradford’s assay (Sigma-Aldrich). Twenty
microgram protein was subjected to 10% SDS-PAGE and
Western blot analysis and probed with antibodies against
Pax3 (ARP32446, Aviva; 1:1000), Myf5 (SAB 4501943,
Sigma-Aldrich; 1:1000), MyoD (Ab203383, Abcam; 1:1000),
Myogenin (sc-576, Santa Cruz Biotechnology; 1:1000),
Mck (SAB4500267, Sigma-Aldrich; 1:1000), M-cadherin
(SAB4500040, Sigma; 1:1000), or Hsp90 (TA500494,
OriGene Technologies). As secondary antibodies, goat
anti-rabbit HRP conjugate (170-6515, Bio-Rad) was
used, followed by chemiluminescence detection. Films
(Amersham Hyperfilm ECL (GE Healthcare)) exposed
on membranes were photographed, and optical density
of resulting bands was measured using GelDocXR+
(Bio-Rad) with ImageLab software.

Data analysis
Sample size was calculated based on GPower 3.1.9.4 to en-
sure adequate power of the test. Data was analyzed and vi-
sualized using Prism version 7.0 (GraphPad Software, Inc.).

Experimental repeats (n values) are specified in figure leg-
ends. At first, data was tested for normal distribution using
the Shapiro-Wilk test. To compare the respective variances
of two groups, we applied Fisher’s F test. Student’s unpaired
t test (two-tailed) for comparisons between two groups was
used when normal distribution could be assumed. If data
was characterized by non-normal distribution, we per-
formed normalization of the data by transformation in log
values. After normalization, distribution of the data was
checked and then we compare them using Student’s un-
paired t test (two-tailed). Values of p < 0.05 were considered
statistically significant [p < 0.05 (*), p < 0.01 (**), p < 0.001
(***), and p < 0.0001 (****)]. One-way ANOVA and post hoc
Tukey’s multiple comparison tests were used to analyze dif-
ferences between various groups of myofibers in teratomas.
The level of significance was set at p < 0.05.

Results
Myogenic differentiation of Pax7+/+ and Pax7−/− ESCs in
teratomas
We used mouse ESCs lacking functional Pax7 to dissect the
role of this factor at subsequent stages of myogenic differen-
tiation, i.e., up to the time when mature, innervated myofi-
bers are formed. These cells were previously generated and
characterized by us [3, 4, 8]. Currently, using the teratoma
model, we analyzed differentiation of wild type, i.e., Pax7+/+
ESCs (ESC lines B3, B5, B8), and ESCs lacking func-
tional Pax7 gene, i.e., Pax7−/− ESCs (ESC lines B4,
AI7.15, T2M4). We assessed the weight and histological
structure of Pax7+/+ and Pax7−/− teratomas (Fig. 1a–
c). The weight of Pax7−/− teratomas was approximately
two times higher than that of Pax7+/+ teratomas (Fig. 1a),
what supported our earlier observations showing that lack of
functional Pax7 increases the proliferation of differentiating
ESCs [4]. Our previous [3] and current histological analyses
revealed that Pax7+/+ and Pax7−/− teratomas contained
cells and tissues of all three germ layers, including skeletal
muscle (Fig. 1b, c). Importantly, in Pax7−/− teratomas, the
area occupied by skeletal muscle was significantly smaller in
comparison to Pax7+/+ teratomas (28.9% vs 12.3%) (Fig. 1d).
Interestingly, smaller myotubes and myofibers dominated in
the Pax7−/− teratomas (Fig. 1e, f). Analysis of skeletal
muscle myosin heavy chain (skMyh) localization showed
that in Pax7−/− teratomas the skMyh+ area was reduced in
comparison to Pax7+/+ teratomas (Fig. 1g–i). We also visu-
alized immature myofibers characterized by smaller diam-
eter, centrally located nuclei and less organized contractile
bundles in Pax7−/− teratoma muscles (Fig. 1j, k).

Molecular characteristic of skeletal muscles present within
teratomas
To test how Pax7 influences expression of different iso-
forms of myosin heavy chains (Myh), we examined the
levels of the following mRNAs: Myh3 (gene coding
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embryonic isoform of muscle myosin heavy chain),
Myh7 (coding type I/slow isoform of muscle myosin
heavy chain), Myh2 (coding fast isoform IIa of muscle
myosin heavy chain), and Myh4 (coding fast isoform IIb
of muscle myosin heavy chains) (Fig. 2a). To standardize
the results, we referred the expression levels of analyzed

genes to the expression level observed in 13.5 d.p.c.
mouse. The levels of mRNAs coding myosin heavy chain
isoforms were significantly lower in Pax7−/− teratomas.
Next, we analyzed the area occupied by cells and myofi-
bers expressing myosin heavy chains Myh3, Myh7,
Myh2a, and Myh2b (Fig. 2b–i). The proportion of Myh3

Fig. 1 Muscle tissue in Pax7+/+ and Pax7−/− ESC teratomas. a Weight of Pax7+/+ and Pax7−/− teratomas (for each genotype n= 23). b, c Representative
cross sections of entire teratomas stained with Harris hematoxylin and Gomori Trichrome dye. Scale bar 500 μm. d Calculation of the area occupied by
skeletal muscle tissue in teratomas (for each genotype n= 9). e, f Morphology of skeletal muscle tissue (blue) stained with Harris hematoxylin and Gomori
Trichrome dye. Scale bar 100 μm. g Calculation of the area of cells expressing skeletal muscle myosin heavy chains (skMyh) (for each genotype n= 9). h, i
Immunolocalization of skMyh (green) and localization of nuclei (blue). Scale bar 50 μm. j, k Inserts—magnification of myofibers expressing skMyh in
teratomas. Scale bar 10 μm. White bars—values for teratomas derived from Pax7+/+ ESCs, gray bars—values for teratomas derived from Pax7−/− ESCs.
Data characterized by non-normal distribution (a, d, g) was normalized. Data are presented as mean ± SD. Stars represent results of Student’s unpaired
two-tailed t test: *p< 0.05; **p< 0.01; ***p< 0.001
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and Myh2b myofibers did not differ between Pax7+/+
and Pax7−/− teratomas (Fig. 2b, c, h, i). However, the
area of Myh7 and Myh2a myofibers was significantly
lower in Pax7−/− teratomas (Fig. 2d–g).

Gene expression profiling in Pax7+/+ and Pax7−/− ESC
teratomas
Next, we focused at the expression of mRNAs encoding
pluripotency, mesoderm formation, and myogenic

Fig. 2 Analysis of the type of myofiber formation in teratomas obtained from Pax7+/+ and Pax7−/− ESCs. a Expression of mRNAs encoding four
isoforms of skeletal myosin heavy chains: Myh3, Myh7, Myh2, and Myh4 (for each genotype n = 6 or n = 7). Expression was related to the levels
observed in 13.5 d.p.c. mouse embryo (E13.5; n = 3), and normalized to mRNA encoding β-actin (Actb). b Area occupied by myofibers expressing
embryonic isoform of myosin heavy chains (Myh3) (for each genotype n = 6). c Localization of embryonic (Myh3, green) myofibers; localization of
nuclei (blue). d Area occupied by myofibers expressing slow isoform of myosin heavy chains (Myh7) (for each genotype n = 6). e Localization of
slow twitching (Myh7, green) myofibers; localization of nuclei (blue). f Area occupied by myofibers expressing fast isoform of myosin heavy chains
(Myh2a) (for each genotype n = 9). g Localization of fast twitching (Myh2a, green) myofibers; localization of nuclei (blue). h Area occupied by
myofibers expressing fast isoform of myosin heavy chains (Myh2b) (for each genotype n = 6). i Localization of fast twitching (Myh2b, green)
myofibers; localization of nuclei (blue). Scale bar 100 μm. White bars—values for Pax7+/+ teratomas, gray bars—values for Pax7−/− teratomas.
Data characterized by non-normal distribution (a, Myh2, Myh4) was normalized. Data are presented as mean ± SD. Statistically nonsignificant data
was marked as “ns”. Stars represent results of Student’s unpaired two-tailed t test: *p < 0.05; **p < 0.01
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factors. Nanog mRNA expression, as well as the level of
mesoderm marker T, encoding Brachyury, was much
higher in Pax7−/− teratomas in comparison to Pax7+/+
teratomas (Fig. 3a). However, Myod1 and MyoG expres-
sion was significantly lower in Pax7−/− teratomas
(Fig. 3a). To distinguish between primary (embryonic)
and secondary (fetal) myogenesis, we assessed the ex-
pression of genes coding markers of primary, i.e., Pax3
and Nfatc4, and secondary (fetal) myoblasts, i.e., Nfix,
Eno3, Mck, Mef2a, and Itga7. The level of mRNAs en-
coding Pax3 was significantly higher (Fig. 3b), while the
expression of Nfix, Eno3, Mck, Mef2a, and Itga7 was sig-
nificantly lower in Pax7−/− teratomas, as compared to
Pax7+/+ teratomas (Fig. 3c). Next, we analyzed the Pax3,

MyoD, Myogenin, and MCK protein levels (Fig. 3d–g).
We showed data for Pax3, MyoD, Myogenin, and MCK
(samples were obtained from teratomas of 3 independ-
ent ESC lines for each genotype). Pax3 level was slightly
higher and Myogenin level was slightly lower in Pax7−/−
teratomas than in Pax7+/+ teratomas (Fig. 3d, f). Levels
of MyoD and Mck did not differ between both types of
teratomas (Fig. 3e, g). Together, these findings show that
cells at earlier stages of myogenic differentiation domin-
ate in Pax7−/− teratomas, as compared to Pax7+/+
teratomas. Thus, it suggests that in the absence of func-
tional Pax7 myogenesis lags behind, i.e., the expression
of mesoderm and embryonic myoblast markers is
upregulated.

Fig. 3 Selected gene expression in teratomas obtained from Pax7+/+ and Pax7−/− ESCs. a Expression of mRNAs encoding pluripotency marker
(Nanog), marker of primitive streak—mesodermal cell marker (Brachyury), and markers of myogenic cells (Myod1, MyoG) (for each genotype n = 7).
b Expression of mRNAs encoding embryonic myoblast markers (Pax3, Nfatc4) (for each genotype n = 7). c Expression of mRNAs encoding fetal
myoblast markers (Nfix, Eno3, Mck, Mef2a, Itga7) (for each genotype n = 5 to n = 9). Expression was related to the levels observed in 13.5 d.p.c.
mouse embryo (E13.5; n = 3), and normalized to mRNA encoding β-actin (Actb). d–g Western blot analysis of Pax3, MyoD, myogenin, and Mck in
teratomas obtained from three Pax7+/+ ESC lines and three Pax7−/− ESC lines (for each genotype n = 3). Hsp90 level was used as a loading
control. Graph represents optical density of Pax3, MyoD, Myogenin, and Mck bands compared to density of corresponding Hsp90 bands (optical
density of Hsp90 was accounted as 100%, OdU optical density, arbitrary units). White bar—values for Pax7+/+ teratomas, gray bar—values for
Pax7−/− teratomas. Data characterized by non-normal distribution (c, Eno3) was normalized. Data are presented as mean ± SD. Stars represent
results of Student’s unpaired two-tailed t test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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Satellite cells and their niche in Pax7+/+ and Pax7−/−
skeletal muscle in teratomas
As shown in multiple analyses of various mouse models,
Pax7 is crucial for the postnatal maintenance of the
population of muscle stem cells, i.e., satellite cells [32,
36, 58, 59]. To test whether Pax7 plays the role in the
formation and maintenance of satellite cells in the mus-
cles formed in vivo from differentiating ESCs, we esti-
mated the expression of mRNAs encoding such satellite
cell markers as Myf5 and Cdh15 (encoding M-cadherin).
Since we analyzed Pax7−/− ESCs, we could not use Pax7

as a satellite cell marker. Myf5 and Cdh15 expression
was significantly lower in Pax7−/− teratomas (Fig. 4a, b).
Western blot analysis revealed that Myf5 and M-
cadherin protein levels were also significantly reduced in
Pax7−/− teratomas (Fig. 4c, d). Immunolocalization of
Myf5+ cells showed that the total number of these cells
was significantly lower in Pax7−/− teratomas (Fig. 4e, f).
Next, the proportion of Myf5+ cells localized within the
satellite cell niche, calculated as a the percentage of all
nuclei in the muscle tissue area, was significantly lower
in Pax7−/− teratomas in comparison to Pax7+/+

Fig. 4 Analysis of the satellite cell population in teratomas obtained from Pax7+/+ and Pax7−/− ESCs. a, b Expression of mRNAs encoding satellite cell markers
(Myf5, Cdh15) (for each genotype n=6). Expression was related to the levels observed in 13.5 d.p.c. mouse embryo (E13.5; n=3), and normalized to mRNA
encoding β-actin (Actb). c, dWestern blot analysis of Myf5 (for each genotype n=3) and M-cadherin levels (for each genotype n=3) in teratomas obtained
from three Pax7+/+ ESC lines and three Pax7−/− ESC lines. Hsp90 level was used as a loading control. Graph represents optical density of Myf5 and M-cadherin
bands compared to density of Hsp90 bands (optical density of Hsp90 was accounted as 100%, OdU optical density, arbitrary units). e Immunolocalization of
Myf5+ satellite cells (green), laminin (red), and nuclei (blue) in teratoma muscles. Scale bar 10μm. f Percentage of the myogenic cells (Myf5+ cells) in teratomas
(for each genotype n=16). g Calculation of the satellite cells (SC) expressing Myf5 in teratoma muscles (for each genotype n=4). h Immunolocalization of
laminin (red) and nuclei (blue) in teratoma muscles. Scale bar 100μm. i Expression of Lama1 (coding laminin alpha 1) (for each genotype n=9). Expression was
related to the levels observed in 13.5 d.p.c. mouse embryo (E13.5, n=3), accounted as 100%, and normalized to mRNA encoding β-actin (Actb). White
bars—values for teratomas obtained from Pax7+/+ ESCs, gray bars—values for teratomas obtained from Pax7−/− ESCs. Data characterized by non-normal
distribution (g) was normalized. Data are presented as mean± SD. Stars represent results of Student’s unpaired two-tailed t test: *p<0.05; **p<0.01;
***p< 0.001; ****p<0.0001
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teratomas (Fig. 4e, g). Interestingly, immunolocalization
of laminin, i.e., the main component of skeletal muscle
basal lamina, showed disturbances in the arrangement of
this protein in Pax7−/− teratomas (Fig. 4h). Additionally,
Pax7−/− teratomas were characterized by reduced ex-
pression of Lama1 gene coding laminin subunit alpha 1
(Fig. 4i).

Neuromuscular junctions in skeletal muscles of Pax7+/+
and Pax7−/− ESC teratomas
Pax7 was shown to play a role in the development of the
central nervous system [29], and Pax7-null mice are
characterized by many neurological disorders [33].
Transmission of impulses from motoneurons to myofi-
bers takes place in highly specialized chemical synapses
called NMJs. Knowing that laminins are crucial for NMJ
formation and clustering of postsynaptic acetylcholine
receptor (AChR) [60–62] and that Pax7 influence lam-
inin synthesis, we analyzed the expression of genes cod-
ing laminins involved in the formation of NMJs and
innervation of myofibers. To test whether impaired for-
mation of NMJs in Pax7−/− teratomas is associated with
specific laminins, we estimated the expression of
mRNAs encoding laminin alpha 4 (Lama4), laminin
alpha 5 (Lama5), and laminin beta 2 (Lamb2) subunits.
Lama4 expression was on the same level in both types
of teratomas (Fig. 5a), whereas Lama5 and Lamb2 ex-
pression was significantly lower in Pax7−/− teratomas
(Fig. 5b, c). Importantly, Lamb2 and Lama5 have been
previously established as critical for proper NMJ forma-
tion [63, 64]. Additionally, the lack of functional Pax7
resulted in the lower expression of genes that play an
important role in neuronal differentiation, i.e., RbFox3
and Otx (Fig. 5d, e). To visualize muscle postsynaptic
machinery, we stained teratoma cryosections with fluo-
rescently labeled α-Bungarotoxin (BTX), which binds
with high affinity to postsynaptic acetylcholine receptors
(AChRs) and observed synaptic-like staining on myofi-
bers (Fig. 5f). To ensure that these are indeed NMJs, we
stained tissues for various synaptic markers: neurofila-
ment and synaptophysin to visualize nerve terminals as
well as synaptic cleft component acetylcholine esterase
(AChE, visualized with fluorescently labeled fasciculin
toxin). Analysis of neurofilament immunoreactivity at
low magnification showed that in Pax7−/− teratomas
this protein was located in separated clusters while in
Pax7+/+ teratomas neurofilament formed long bundles
amid myofibers (Fig. 5f, left column). This suggests dif-
ferent organization of neuronal processes in control and
Pax7−/− teratomas. High-magnification images revealed
that the BTX-positive areas contain also synaptophysin
(Fig. 5f, middle column) immunoreactivity and high con-
centration of fasciculin (Fig. 5f, right column). Thus, the
observed BTX-positive structures are neuromuscular

junctions containing presynaptic and postsynaptic spe-
cializations as well as NMJ-specific synaptic cleft protein
AChE (Fig. 5f, middle and right column).
Myofibers and NMJ were also analyzed in control and

Pax7−/− teratoma sections using an anti-skMyh anti-
body and BTX (Fig. 6a). Teratoma muscle tissue is rela-
tively poorly organized as a consequence of more
stochastic differentiation. Accordingly, NMJs appeared
to localize randomly throughout muscles. Analysis of
multiple sections of Pax7+/+ and Pax7−/− teratomas
allowed us to precisely investigate the area of NMJ-positive
(NMJpos) and NMJ-negative (NMJneg) myofibers and their
diameters. We showed that myofibers in Pax7−/− tera-
tomas were smaller (Fig. 6b). Smaller myofibers were
observed in case of both—NMJneg as well as NMJpos

fibers in Pax7−/− teratomas (Fig. 6c, d). The differences
between Pax7−/− and Pax7+/+ teratomas in fiber area
were, however, greater in the case of NMJpos fibers
(Fig. 6e–g). Analysis of AChR (BTX-positive structures)
localization in samples prepared with the iDISCO
method confirmed that the organization of NMJs in
Pax7−/− teratomas was different as compared to those
derived from Pax7+/+ ESCs, i.e., in Pax7−/− teratomas,
NMJ organization was impaired and the amount of
AChRs was reduced in comparison to Pax7+/+ terato-
mas (Fig. 6h, i; Additional Movie 1 [Pax7+/+] and Add-
itional Movie 2 [Pax7−/−]).

Discussion
In the current study, we focused at the role of Pax7 in
the regulation of early and advanced stages of myogenic
ESC differentiation in vivo. We put special emphasis on
the formation of mature skeletal myofibers and satellite
cells and neuromuscular junctions. Using teratoma
assay, we addressed the question whether Pax7 acts as a
“switch” allowing transition from embryonic to fetal
myogenesis and whether it is necessary for the matur-
ation of skeletal myofibers.
Our previous studies showed that in in vitro culture

ESC Pax7−/− are more prone to differentiate into myo-
blasts [3, 8]. This conclusion resulted from the analysis
of Pax7 role during the differentiation of ESCs cultured
in vitro in so-called embryonic bodies (EBs) and their
outgrowths (EBOs) [3], as well as in the presence of the
demethylating agent 5-AzaC [8]. Using EBs as a differen-
tiation model, it has been shown that even in the ab-
sence of functional Pax7, ESCs can form myoblasts
expressing Pax3, MyoD1, and Myf5, and differentiate
into myotubes. Pax7−/− ESCs cultured in medium con-
taining, among others, 5-AzaC, were characterized by
higher expression of mesoderm markers, i.e., T encoding
Brachyury, Pdgfrα, as well as myogenic markers, i.e.,
Pax3, Myf5, and MyoD1 [8]. These results allowed us to
postulate that the lack of functional Pax7 may make
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ESCs more prone to myogenic differentiation. However,
it should be remembered that these studies were con-
ducted in vitro and focused only at the early stages of
differentiation. They did not document what changes are
caused by the lack of Pax7 at the late stages of
myogenesis.
In all analyzed teratomas, regardless of genotype, the

skeletal muscle tissue was formed. However, the area oc-
cupied by cells and myotubes expressing skeletal muscle
myosin heavy chains was significantly lower in teratomas
derived from Pax7−/− ESCs, as compared to control.
Such phenotype indicates that Pax7−/− ESCs possess
limited myogenic potential in vivo what may result in re-
duced ability to form mature myofibers. This observa-
tion is consistent with the results showing that mice
lacking Pax7 are characterized by reduced muscle mass
[33]. Moreover, histological analysis of Pax7−/− terato-
mas has shown the presence of immature myofibers, i.e.,

smaller myofibers with centrally located nuclei. Import-
antly, we did not observe well-organized myofibrils in
such myofibers. Myofibrils present in Pax7−/− teratomas
were similar to that observed in immature myofibers
formed after prepubertal satellite cell ablation [65]. Fur-
thermore, Pax7−/− teratomas were characterized by
lower expression of genes coding proteins necessary for
proper formation of myofiber structure, i.e., Myh3,
Myh7, Myh4, and Myh2. Such “immature” structure of
Pax7−/− myofibers was not previously reported in stud-
ies on Pax7 role during skeletal muscle development.
Thus, we found that Pax7−/− ESCs showed limited po-
tential to the formation of fully mature muscle tissue
during in vivo differentiation. These observations are
consistent with data on the phenotype of Pax7-deficient
mice. These mice are born smaller and have significantly
reduced muscle mass compared to control mice [33].
Most of them does not develop properly and dies 2

Fig. 5 Analysis of basal lamina and NMJ functionality in Pax7+/+ and Pax7−/− teratomas. a–c Expression of mRNAs encoding Lama4, Lama5, and
Lamb2 (for each genotype n = 8 to 6). d, e Expression of mRNAs encoding neuronal markers RbFox3 and Otx2 (for each genotype n = 6 to n = 7).
f Immunolocalization of neurofilament (green, left column, TL transmitted light), synaptophysin (red, middle column; BTX—green; nuclei—blue),
and Fasciculin (red, right column; BTX—green; nuclei—blue) in teratoma muscles. Scale bar 10 or 100 μm, as indicated. White bars—values for
teratomas obtained from Pax7+/+ ESCs, gray bars—values for teratomas obtained from Pax7−/− ESCs. Data are presented as mean ± SD. Stars
symbolize results of Student’s unpaired two-tailed t test: *p < 0.05; **p < 0.01
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weeks after birth [35]. Additionally, there are no studies
analyzing the “maturity” of muscle tissue Pax7−/− mice.
Analysis of myogenesis in teratomas allowed us to docu-
ment the delayed development of muscle tissue due to
lack of Pax7.

During embryonic myogenesis, myoblasts fuse and
form primary myofibers which are necessary to establish
the basic skeletal muscle pattern [40]. Next, fetal myo-
blasts fuse with each other to form secondary fibers that
are initially smaller and surround primary fibers, or fuse

Fig. 6 Analysis of NMJs in Pax7+/+ and Pax7−/− teratomas. a Immunolocalization of NMJs (BTX, red), skMyh (green), and localization of nuclei
(blue) in teratoma myofibers. Scale bar 100 μm. Inserts—magnification of NMJs in teratoma muscles. b Calculation of the area of myofibers in
teratomas (for each genotype n = 39). c Calculation of the area of NMJneg myofibers in teratomas (for each genotype n = 20). d Calculation of the
area of NMJpos myofibers (for each genotype n = 19). e Analysis of the frequency of myofibers of various diameter (for each genotype n = 6). f
Analysis of the frequency of NMJneg myofibers of various diameter (for each genotype n = 3). g Analysis of the frequency of NMJpos myofibers of
various diameter (for each genotype n = 3). h, i Whole volume analysis of NMJ organization in Pax7+/+ (h) and Pax7−/− (i) teratoma samples
prepared with the iDISCO method, images are single frames from a 3D visualization movie, BTX—yellow (for each genotype n = 1). White
bars—mean values for teratomas obtained from Pax7+/+ ESCs, gray bars—mean values for teratomas obtained from Pax7−/− ESCs. Data are
presented as mean ± SD. Data characterized by non-normal distribution (b) was normalized. b–d Stars symbolize results of Student’s unpaired
two-tailed t test: ***p < 0.001; ****p < 0.0001. e–g Star symbolizes result of one-way ANOVA and post hoc Tukey’s multiple comparisons test. The
level of significance was set at p < 0.05
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with primary fibers [40]. Pax7 was suggested to partici-
pate in switching the myoblast differentiation mode
from embryonic to fetal program. However, the data
documenting Pax7 action as a molecular switch was lim-
ited but showing that Pax7 indirectly activates expres-
sion of fetal-specific genes [45].
Our previous study documented that similarly as

in vitro [4] also in vivo Pax7−/− cells proliferate more
vigorously [8], what may explain higher mass of Pax7−/−
teratomas. Analysis of the levels of mRNAs encoding
factors crucial for generation of mesodermal and myo-
genic cells, such as T encoding Brachyury—factor syn-
thesized by primitive streak, i.e., mesoderm cells, Pax3,
Nfatc4—embryonic myoblasts, and Nfix, Eno3, Mck,
Mef2a, Itga7—fetal myoblasts markers, uncovered fur-
ther differences. In Pax7−/− teratomas, the level of T
mRNA was higher. Also, Pax3 expression was upregu-
lated. A higher level of PAX3 expression was also ob-
served in the muscles of patients carrying loss of
function mutation in PAX7 gene, leading to a myopathy
of variable severity [66]. On the other hand, the levels of
mRNAs coding the fetal myoblast markers were lower in
Pax7−/− teratomas. Previous study documented that
Pax7 activates transcription of Nfix mRNA and thus ini-
tiates the fetal program in in vitro cultured embryonic
myoblasts [45]. Disturbances of Nfix expression led to
the disruption of fetal myoblast differentiation and their
fusion by decreasing the expression of MyoG and Itga7
[40]. In consequence, less myoblasts was able to fuse
and resulting myotubes were considerably smaller. Pos-
sibly, other factors besides Pax7 may activate Nfix during
fetal and perinatal development, but this issue was not
investigated by us.
Our results document that in vitro Pax7−/− ESCs dif-

ferentiate to embryonic myoblasts more readily than
wild type ones. It is possible that in the absence of func-
tional Pax7 initiation of myogenic differentiation is
somehow facilitated and for this reason the expression
of mesoderm embryonic myoblast markers is higher. In
vivo, at the advanced stages, myogenic differentiation
“slows down” in Pax7−/− ESCs what resulted in the de-
creased expression of markers specific for fetal-type cells
and in the smaller area occupied by cells/fibers express-
ing skeletal myosin. Such phenotype may be associated
with a lower ability of differentiating cells to form ma-
ture myofibers. Thus, we propose that Pax7 mediates
the molecular switch from embryonic to fetal program
of myoblast differentiation. Nevertheless, this conclusion
needs to be validated by more precise methods. It should
also be taken into account that teratomas are built of
stochastically arranged tissues at different stages of ma-
turity. Most likely, analysis of the transcripts of individ-
ual myoblasts, or other cell populations present in
teratomas, would give more conclusive gene expression

results than whole teratoma analyses. However, so far,
results of the analyses of single cells isolated from tera-
tomas were published only ones, which proves the diffi-
culties in applying this method [24].
Pax7−/− mice were described to lack satellite cells and

to be characterized by significantly impaired muscle re-
generation [67]. Some studies have shown, however, that
in skeletal muscles of Pax7−/− mice satellite cells are
not completely absent; nevertheless, their muscle regen-
eration is certainly impaired [36]. Muscles of these mice
were also characterized by smaller fibers containing less
nuclei, as compared to control mice. To gain the insight
into the role of Pax7 in satellite cell formation, we ex-
plored expression of genes and proteins specific for
these cells, i.e., Myf5 and Cdh15 coding M-cadherin.
The levels of Myf5 and Cdh15 mRNA and proteins were
lower in Pax7−/− teratomas, what indicates abnormal
formation or maintenance of satellite cell population. In
Pax7−/− teratoma muscles, significantly less satellite
cells were detected, as compared to control tissue. Sur-
prisingly, in the absence of functional Pax7, the satellite
cell niche, i.e., basal lamina organization, was impaired.
Possibly, it was a consequence of a lower expression of
Lama1 gene. Loss of laminin alpha 1 was previously re-
ported as a cause of the impairment of satellite cell pro-
liferation and self-renewal [68]. Thus, a significantly
lower number of satellite cells might result from in-
appropriate niche formation. There are 16 laminin iso-
forms responsible for maintaining proper basement
membrane architecture, regulating differentiation, mi-
gration, and adhesion properties of muscle cells [69, 70].
The laminins are heterodimers of alpha, beta, and
gamma subunit. Interestingly, within the NMJs, the post-
synaptic membrane is rich in laminin chains alpha 2,
alpha 4, alpha 5, beta 2, and gamma 1 [60–63]. Interac-
tions between the abovementioned laminins are neces-
sary for proper AChR anchorage and NMJ maturation
during embryonic development (summarized in [71]).
Tamaki et al. reported that different myogenic capacity
of in vitro cultured myogenic cells depends on the ability
to produce basal lamina proteins [72]. The key factor re-
sponsible for basal lamina protein (e.g., laminin alpha 2)
synthesis in myogenic cells was not identified, yet. How-
ever, Tamaki suggested that Pax7 could be the one [72].
C2C12 myoblasts in vitro cultured on laminin (contain-
ing alpha 5, beta 2, and gamma 1 chains) formed myo-
tubes with “maturing” AChR clusters [73]. Laminins
may therefore be the extracellular NMJ “organizers”
[73]. Moreover, laminin beta 2 interacts with calcium
channels and influences the correct distribution of syn-
aptic vesicles in axon endings [74–76]. Laminin-deficient
mice exhibit abnormal development of the NMJ pre-
synaptic membrane [75, 76] and abnormal maturation of
calcium canals [77]. Laminin alpha 4-defficient mice
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showed a loss of precise contact between the pre- and
postsynaptic part of NMJ [78]. Moreover, Lama5−/−
mice die between 14 and 17 d.p.c. due to many develop-
mental defects, including cerebral hernia [79]. Patients
with congenital myasthenic syndrome, characterized by
muscle weakness and NMJ conduction disorders, were
found to have a homozygotic mutation in the Lama5
and Lama1 gene, encoding laminin alpha 1 [80]. Abnor-
malities in the structure of AChR were not observed,
and these receptors were present in the motoneuron
endings in the presynaptic part of NMJ [80]. Laminins
probably promote maturation of the postsynaptic part
by autocrine action on the transmembrane dystroglycan
receptor [64]. Moreover, laminins alpha 1 and alpha 5
interact with motoneuron endings what stimulates NMJ
organization and proper maturation of myotubes to
myofibers [64]. The key role of matrix proteins in the
development of skeletal muscles is emphasized by the
fact that in humans a deficit of basement membrane
proteins (including laminins) may lead to the develop-
ment of incurable muscle dystrophies. Muscles of Pax7-
null mice are characterized by smaller fibers containing
less nuclei [36]. In our study, muscles of Pax7−/− terato-
mas presented very similar phenotype. So far, there was
no data showing the direct effect of the lack of func-
tional Pax7 on NMJ organization. Our whole volume
analysis (samples prepared with iDISCO) showed im-
paired NMJ system in Pax7−/− muscles. Thus, the finding
that myofibers (both NMJpos and NMJneg) in Pax7−/−
teratomas are characterized by smaller dimension than
those generated in control teratomas is a novel obser-
vation. Also, in Pax7−/− teratomas, myofibers of small
diameter (< 20 μm) were NMJpos. However, the
proportion of larger, “more mature” NMJpos myofibers
(> 20 μm) was significantly decreased in Pax7−/− tera-
tomas. Moreover, in Pax7−/− teratomas, large muscle
fibers (> 30 μm) were mostly NMJneg. It should be also
considered that impaired myogenesis in Pax7−/− tera-
tomas could be a result of AChR loss in the cell
membrane of large muscle fibers and defective NMJ
formation. AChR loss has been previously described as a
cause of neuromuscular disease called myasthenia gravis
(reviewed in [81]). Summarizing, we hypothesize that the
lack of functional Pax7 may affect NMJs through aberrant
basal lamina composition.
Molecular analysis of neuron-specific factors, such as

RbFox3 and Otx2, revealed lower level of their expression
in Pax7−/− teratomas. Importantly, many lines of evidence
document that in developing embryo formation of neural
tissue is also regulated by Pax7 [29] and Pax7-deficient
mice are characterized by cephalic neural crest cell defects
[33]. It is also possible that decreased number of satellite
cells in muscle tissue of Pax7−/− teratomas impacts the
innervation. In 2015, Liu and coworkers speculated that

satellite cells may contribute to the regeneration of the
NMJs, in response to denervation [82], and that satellite
cell deficiency accelerated the NMJ degeneration associ-
ated with sarcopenia in mice [83]. In 2018, Bachman et al.
showed that prepubertal loss of satellite cells impaired
myofiber growth, and skeletal muscle function, but was
not associated with disruption in NMJ integrity [65]. How-
ever, NMJ defects may require a longer period of time to
be manifested, i.e., satellite cell depletion at earlier stages
may target the addition of myonuclei to form myofibers
and lead to NMJ disruption.
Although formation of primary (embryonic) myotubes

is nerve independent [84–86], neuromuscular transmis-
sion and nerve-derived signals play important role in
myofiber maturation, maintenance, and functioning at
the later stages of development [87, 88]. Denervation of
the muscle during secondary myogenesis results in a
dramatic and permanent deficit in the number of sec-
ondary myotubes resulting in muscle size reduction and
the dependence of secondary myogenesis on the innerv-
ation of myofibers [85–87].

Conclusions
Our results show that in vivo Pax7−/− ESCs differentiate
to embryonic myoblasts more readily than Pax7+/+ cells.
Lack of functional Pax7 leads to a disturbance in the for-
mation of fetal myoblasts, what then results in less ef-
fective myotube formation, myofiber maturation, and
formation of satellite cell population. It seems that in
the absence of functional Pax7 initiation of myogenic
differentiation is facilitated and, as a result, the expres-
sion of mesoderm embryonic myoblast markers is up-
regulated. Thus, we postulate that Pax7 mediates
molecular switch between embryonic to fetal program of
myoblast differentiation. Moreover, the lack of func-
tional Pax7 is associated with aberrant formation of
neuromuscular junctions what results of lower differen-
tiation potential of Pax7−/− ESCs at advanced stages of
myogenesis. Although Pax7 is not essential for in vivo
myogenic differentiation of pluripotent cells, the lack of
its expression impairs advanced stages of myogenesis.
Moreover, lower potential of in vivo ESC myogenic
differentiation is caused by abnormal formation of
myofiber basement membrane and defective NMJ
organization due to lack of Pax7.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13287-020-01742-3.

Additional file 1: Movie 1. Whole volume analysis of NMJs in Pax7+/+
teratomas. 3D visualization movie, BTX – yellow.

Additional file 2: Movie 2. Whole volume analysis of NMJs in Pax7−/−
teratomas. 3D visualization movie, BTX – yellow.

Florkowska et al. Stem Cell Research & Therapy          (2020) 11:238 Page 15 of 18

https://doi.org/10.1186/s13287-020-01742-3
https://doi.org/10.1186/s13287-020-01742-3


Abbreviations
AChE: Acetylcholine esterase; AChR: Acetylcholine receptor; BTX: α-
Bungarotoxin; Mck: Muscle creatine kinase; EBs: Embryoid bodies;
Eno3: Enolase 3; ESCs: Embryonic stem cells; iPSCs: Induced pluripotent stem
cells; Itga7: Integrin subunit alpha 7; Mef2a: Myocyte enhancer factor 2A;
Mrf4: Muscle-specific regulatory factor 4; MRFs: Myogenic regulatory factors;
Myf5: Myogenic factor 5; Myh: Myosin heavy chains; MyoD: Myogenic
differentiation 1; MyoG: Myogenin; Nfatc4: Nuclear factor of activated T cells;
Nfix: Nuclear factor one X; NMJ: Neuromuscular junction; PSCs: Pluripotent
stem cells; skMyh: Skeletal muscle myosin heavy chains

Acknowledgements
We would like to thank all members of the Department of Cytology for their
constant support and helpful discussions. The authors would like to
acknowledge Agnieszka Graczyk – Jarzynka, and Radoslaw Zagozdzon for
their valuable help during the analyses using the histological scanner. The
Myh3, Myh7, Myh2a, Myh2b, and neurofilament antibodies were obtained
from the Developmental Studies Hybridoma Bank, created by the NICHD of
the NIH and maintained at The University of Iowa, Department of Biology,
Iowa City, IA 52242.

Authors’ contributions
AF designed the research, carried out the experimental work, analyzed the
data, and wrote and edited manuscript; IM carried out the experimental
work; MZ carried out the experimental work; DL carried out the experimental
work; TJP analyzed the data and edited the manuscript; KJI provided technical
support; WS provided technical support; MAC designed the research, analyzed
the data, and wrote and edited manuscript; IG designed the research, carried
out the experimental work, analyzed the data, and wrote and edited
manuscript. The authors read and approved the final manuscript.

Funding
This work was funded by grant provided by budget funds from the National
Science Centre (Poland) for Anita Helinska (Florkowska)—2016/23/N/NZ4/
01746 and for Iwona Grabowska—N N303 548139.

Availability of data and materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Ethics approval and consent to participate
Animal studies were approved by Local Ethics Committee No. 1 in Warsaw,
Poland (permit number 356/2017), according to European Union Directive
on the approximation in laws, regulations, and administrative provisions of
the Member States regarding protection of animals used for experimental
and scientific purpose.

Consent for publication
Not applicable

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

Author details
1Department of Cytology, Institute of Developmental Biology and Biomedical
Sciences, Faculty of Biology, University of Warsaw, Warsaw, Poland.
2Laboratory of Neurobiology, Nencki Institute of Experimental Biology, Polish
Academy of Sciences, Warsaw, Poland. 3Laboratory of Synaptogenesis,
Nencki Institute of Experimental Biology, Polish Academy of Sciences,
Warsaw, Poland. 4Present Address: Lukasiewicz Research Network - PORT
Polish Center for Technology Development, Wroclaw, Poland.

Received: 11 February 2020 Revised: 15 May 2020
Accepted: 25 May 2020

References
1. Posfai E, Tam OH, Rossant J. Mechanisms of pluripotency in vivo and

in vitro. Curr Top Dev Biol. 2014;107:1–37.
2. Bem J, Grabowska I, Daniszewski M, Zawada D, Czerwinska AM, Bugajski L,

et al. Transient microRNA expression enhances myogenic potential of
mouse embryonic stem cells. Stem Cells. 2018;36:655–70.

3. Czerwinska AM, Grabowska I, Archacka K, Bem J, Swierczek B, Helinska
A, et al. Myogenic differentiation of mouse embryonic stem cells that
lack a functional Pax7 gene. Stem Cells Dev. 2016;25:285–300.

4. Czerwinska AM, Nowacka J, Aszer M, Gawrzak S, Archacka K, Fogtman A,
et al. Cell cycle regulation of embryonic stem cells and mouse embryonic
fibroblasts lacking functional Pax7. Cell Cycle. 2016;15:2931–42.

5. Darabi R, Pan W, Bosnakovski D, Baik J, Kyba M, Perlingeiro RC.
Functional myogenic engraftment from mouse iPS cells. Stem Cell Rev.
2011;7:948–57.

6. Rohwedel J, Maltsev V, Bober E, Arnold HH, Hescheler J, Wobus AM. Muscle
cell differentiation of embryonic stem cells reflects myogenesis in vivo:
developmentally regulated expression of myogenic determination genes
and functional expression of ionic currents. Dev Biol. 1994;164:87–101.

7. Chang H, Yoshimoto M, Umeda K, Iwasa T, Mizuno Y, Fukada S, et al.
Generation of transplantable, functional satellite-like cells from mouse
embryonic stem cells. FASEB J. 2009;23:1907–19.

8. Helinska A, Krupa M, Archacka K, Czerwinska AM, Streminska W, Janczyk-
Ilach K, et al. Myogenic potential of mouse embryonic stem cells lacking
functional Pax7 tested in vitro by 5-azacitidine treatment and in vivo in
regenerating skeletal muscle. Eur J Cell Biol. 2017;96:47–60.

9. Chal J, Al Tanoury Z, Oginuma M, Moncuquet P, Gobert B, Miyanari A,
et al. Recapitulating early development of mouse musculoskeletal
precursors of the paraxial mesoderm in vitro. Development. 2018;145(6):
dev157339.

10. Chal J, Al Tanoury Z, Hestin M, Gobert B, Aivio S, Hick A, et al. Generation of
human muscle fibers and satellite-like cells from human pluripotent stem
cells in vitro. Nat Protoc. 2016;11:1833–50.

11. Chal J, Oginuma M, Al Tanoury Z, Gobert B, Sumara O, Hick A, et al.
Differentiation of pluripotent stem cells to muscle fiber to model Duchenne
muscular dystrophy. Nat Biotechnol. 2015;33:962–9.

12. Chal J, Pourquie O. Making muscle: skeletal myogenesis in vivo and in vitro.
Development. 2017;144:2104–22.

13. Swierczek B, Ciemerych MA, Archacka K. From pluripotency to myogenesis:
a multistep process in the dish. J Muscle Res Cell Motil. 2015;36:363–75.

14. Dixon FJ, Moore RA. Tumors of the testicle. Acta Unio Int Contra Cancrum.
1952;8:310–5.

15. Muntener M, Kagi U, Stevens LC, Walt H. Innervation and maturation of
muscular tissue in testicular teratomas in strain 129/Sv-ter mice. Virchows
Arch B Cell Pathol Incl Mol Pathol. 1990;59:223–9.

16. Quattrocelli M, Palazzolo G, Floris G, Schoffski P, Anastasia L, Orlacchio A,
et al. Intrinsic cell memory reinforces myogenic commitment of pericyte-
derived iPSCs. J Pathol. 2011;223:593–603.

17. Kazuki Y, Hiratsuka M, Takiguchi M, Osaki M, Kajitani N, Hoshiya H, et al.
Complete genetic correction of iPS cells from Duchenne muscular
dystrophy. Mol Ther. 2010;18:386–93.

18. Blum B, Bar-Nur O, Golan-Lev T, Benvenisty N. The anti-apoptotic gene
survivin contributes to teratoma formation by human embryonic stem cells.
Nat Biotechnol. 2009;27:281–7.

19. Hentze H, Soong PL, Wang ST, Phillips BW, Putti TC, Dunn NR. Teratoma
formation by human embryonic stem cells: evaluation of essential
parameters for future safety studies. Stem Cell Res. 2009;2:198–210.

20. Baek KH, Zaslavsky A, Lynch RC, Britt C, Okada Y, Siarey RJ, et al. Down’s
syndrome suppression of tumour growth and the role of the calcineurin
inhibitor DSCR1. Nature. 2009;459:1126–30.

21. Augustin I, Dewi DL, Hundshammer J, Rempel E, Brunk F, Boutros M.
Immune cell recruitment in teratomas is impaired by increased Wnt
secretion. Stem Cell Res. 2016;17:607–15.

22. Rathmell WK, Hickey MM, Bezman NA, Chmielecki CA, Carraway NC, Simon
MC. In vitro and in vivo models analyzing von Hippel-Lindau disease-
specific mutations. Cancer Res. 2004;64:8595–603.

23. Litchfield K, Summersgill B, Yost S, Sultana R, Labreche K, Dudakia D, et al.
Whole-exome sequencing reveals the mutational spectrum of testicular
germ cell tumours. Nat Commun. 2015;6:5973.

24. Chan SS, Arpke RW, Filareto A, Xie N, Pappas MP, Penaloza JS, et al. Skeletal
muscle stem cells from PSC-derived teratomas have functional regenerative
capacity. Cell Stem Cell. 2018;23:74–85 e6.

25. Grabowska I, Archacka K, Czerwinska AM, Krupa M, Ciemerych MA. Mouse
and human pluripotent stem cells and the means of their myogenic
differentiation. Results Probl Cell Differ. 2012;55:321–56.

26. Buckingham M. Skeletal muscle progenitor cells and the role of Pax genes.
C R Biol. 2007;330:530–3.

Florkowska et al. Stem Cell Research & Therapy          (2020) 11:238 Page 16 of 18



27. Relaix F, Rocancourt D, Mansouri A, Buckingham M. Divergent functions of
murine Pax3 and Pax7 in limb muscle development. Genes Dev. 2004;18:
1088–105.

28. Mayran A, Pelletier A, Drouin J. Pax factors in transcription and epigenetic
remodelling. Semin Cell Dev Biol. 2015;44:135–44.

29. Buckingham M, Relaix F. The role of Pax genes in the development of
tissues and organs: Pax3 and Pax7 regulate muscle progenitor cell
functions. Annu Rev Cell Dev Biol. 2007;23:645–73.

30. Lang D, Powell SK, Plummer RS, Young KP, Ruggeri BA. PAX genes:
roles in development, pathophysiology, and cancer. Biochem
Pharmacol. 2007;73:1–14.

31. Tajbakhsh S, Rocancourt D, Cossu G, Buckingham M. Redefining the genetic
hierarchies controlling skeletal myogenesis: Pax-3 and Myf-5 act upstream
of MyoD. Cell. 1997;89:127–38.

32. Relaix F, Montarras D, Zaffran S, Gayraud-Morel B, Rocancourt D, Tajbakhsh
S, et al. Pax3 and Pax7 have distinct and overlapping functions in adult
muscle progenitor cells. J Cell Biol. 2006;172:91–102.

33. Mansouri A, Stoykova A, Torres M, Gruss P. Dysgenesis of cephalic neural
crest derivatives in Pax7−/− mutant mice. Development. 1996;122:831–8.

34. White RB, Ziman MR. Genome-wide discovery of Pax7 target genes during
development. Physiol Genomics. 2008;33:41–9.

35. Seale P, Sabourin LA, Girgis-Gabardo A, Mansouri A, Gruss P, Rudnicki MA.
Pax7 is required for the specification of myogenic satellite cells. Cell. 2000;
102:777–86.

36. Oustanina S, Hause G, Braun T. Pax7 directs postnatal renewal and
propagation of myogenic satellite cells but not their specification. EMBO J.
2004;23:3430–9.

37. Messina G, Sirabella D, Monteverde S, Galvez BG, Tonlorenzi R, Schnapp E,
et al. Skeletal muscle differentiation of embryonic mesoangioblasts requires
pax3 activity. Stem Cells. 2009;27:157–64.

38. Cossu G, De Angelis L, Borello U, Berarducci B, Buffa V, Sonnino C, et al.
Determination, diversification and multipotency of mammalian myogenic
cells. Int J Dev Biol. 2000;44:699–706.

39. Kassar-Duchossoy L, Gayraud-Morel B, Gomes D, Rocancourt D, Buckingham
M, Shinin V, et al. Mrf4 determines skeletal muscle identity in Myf5:Myod
double-mutant mice. Nature. 2004;431:466–71.

40. Biressi S, Tagliafico E, Lamorte G, Monteverde S, Tenedini E, Roncaglia E,
et al. Intrinsic phenotypic diversity of embryonic and fetal myoblasts is
revealed by genome-wide gene expression analysis on purified cells. Dev
Biol. 2007;304:633–51.

41. Ferrari S, Molinari S, Melchionna R, Cusella-De Angelis MG, Battini R, De
Angelis L, et al. Absence of MEF2 binding to the A/T-rich element in the
muscle creatine kinase (MCK) enhancer correlates with lack of early
expression of the MCK gene in embryonic mammalian muscle. Cell Growth
Differ. 1997;8:23–34.

42. Pin CL, Merrifield PA. Regionalized expression of myosin isoforms in
heterotypic myotubes formed from embryonic and fetal rat myoblasts
in vitro. Dev Dyn. 1997;208:420–31.

43. Duxson MJ, Ross JJ, Harris AJ. Transfer of differentiated synaptic terminals
from primary myotubes to new-formed muscle cells during embryonic
development in the rat. Neurosci Lett. 1986;71:147–52.

44. Bloch-Gallego E. Mechanisms controlling neuromuscular junction stability.
Cell Mol Life Sci. 2015;72:1029–43.

45. Messina G, Biressi S, Monteverde S, Magli A, Cassano M, Perani L, et al. Nfix
regulates fetal-specific transcription in developing skeletal muscle. Cell.
2010;140:554–66.

46. Barbieri G, De Angelis L, Feo S, Cossu G, Giallongo A. Differential expression
of muscle-specific enolase in embryonic and fetal myogenic cells during
mouse development. Differentiation. 1990;45:179–84.

47. Blanco-Bose WE, Blau HM. Laminin-induced change in conformation of
preexisting alpha7beta1 integrin signals secondary myofiber formation. Dev
Biol. 2001;233:148–60.

48. Sheard PW, Duxson MJ, Harris AJ. Neuromuscular transmission to identified
primary and secondary myotubes: a reevaluation of polyneuronal
innervation patterns in rat embryos. Dev Biol. 1991;148:459–72.

49. Pin CL, Merrifield PA. Embryonic and fetal rat myoblasts express
different phenotypes following differentiation in vitro. Dev Genet. 1993;
14:356–68.

50. Close B, Banister K, Baumans V, Bernoth EM, Bromage N, Bunyan J, et al.
Recommendations for euthanasia of experimental animals: part 2. DGXT of
the European Commission. Lab Anim. 1997;31:1–32.

51. Close B, Banister K, Baumans V, Bernoth EM, Bromage N, Bunyan J, et al.
Recommendations for euthanasia of experimental animals: part 1. DGXI of
the European Commission. Lab Anim. 1996;30:293–316.

52. Robertson EJ. Teratocarcinomas and embryonic stem cells: a practical
approach. Oxford: IRL press; 1987. p. 71-112.

53. Renier N, Wu Z, Simon DJ, Yang J, Ariel P, Tessier-Lavigne M. iDISCO: a
simple, rapid method to immunolabel large tissue samples for volume
imaging. Cell. 2014;159:896–910.

54. Stefaniuk M, Gualda EJ, Pawlowska M, Legutko D, Matryba P, Koza P, et al.
Light-sheet microscopy imaging of a whole cleared rat brain with Thy1-GFP
transgene. Sci Rep. 2016;6:28209.

55. Pitrone PG, Schindelin J, Stuyvenberg L, Preibisch S, Weber M, Eliceiri KW,
et al. OpenSPIM: an open-access light-sheet microscopy platform. Nat
Methods. 2013;10:598–9.

56. Bria A, Iannello G. TeraStitcher - a tool for fast automatic 3D-stitching of
teravoxel-sized microscopy images. BMC Bioinformatics. 2012;13:316.

57. Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
2001;25:402–8.

58. Olguin HC, Yang Z, Tapscott SJ, Olwin BB. Reciprocal inhibition between
Pax7 and muscle regulatory factors modulates myogenic cell fate
determination. J Cell Biol. 2007;177:769–79.

59. Lepper C, Conway SJ, Fan CM. Adult satellite cells and embryonic muscle
progenitors have distinct genetic requirements. Nature. 2009;460:627–31.

60. Burkin DJ, Kim JE, Gu M, Kaufman SJ. Laminin and alpha7beta1 integrin
regulate agrin-induced clustering of acetylcholine receptors. J Cell Sci. 2000;
113(Pt 16):2877–86.

61. Zhang BG, Quigley AF, Bourke JL, Nowell CJ, Myers DE, Choong PF, et al.
Combination of agrin and laminin increase acetylcholine receptor clustering
and enhance functional neuromuscular junction formation in vitro. Dev
Neurobiol. 2016;76:551–65.

62. Weston CA, Teressa G, Weeks BS, Prives J. Agrin and laminin induce
acetylcholine receptor clustering by convergent, Rho GTPase-dependent
signaling pathways. J Cell Sci. 2007;120:868–75.

63. Noakes PG, Gautam M, Mudd J, Sanes JR, Merlie JP. Aberrant differentiation
of neuromuscular junctions in mice lacking s-laminin/laminin beta 2. Nature.
1995;374:258–62.

64. Nishimune H, Valdez G, Jarad G, Moulson CL, Muller U, Miner JH, et al.
Laminins promote postsynaptic maturation by an autocrine mechanism at
the neuromuscular junction. J Cell Biol. 2008;182:1201–15.

65. Bachman JF, Klose A, Liu W, Paris ND, Blanc RS, Schmalz M, et al.
Prepubertal skeletal muscle growth requires Pax7-expressing satellite cell-
derived myonuclear contribution. Development. 2018;145(20):dev167197.

66. Feichtinger RG, Mucha BE, Hengel H, Orfi Z, Makowski C, Dort J, et al.
Biallelic variants in the transcription factor PAX7 are a new genetic cause of
myopathy. Genet Med. 2019;21(11):2521–31.

67. Kuang S, Charge SB, Seale P, Huh M, Rudnicki MA. Distinct roles for
Pax7 and Pax3 in adult regenerative myogenesis. J Cell Biol. 2006;172:
103–13.

68. Rayagiri SS, Ranaldi D, Raven A, Mohamad Azhar NIF, Lefebvre O, Zammit
PS, et al. Basal lamina remodeling at the skeletal muscle stem cell niche
mediates stem cell self-renewal. Nat Commun. 2018;9:1075.

69. Tzu J, Marinkovich MP. Bridging structure with function: structural,
regulatory, and developmental role of laminins. Int J Biochem Cell Biol.
2008;40:199–214.

70. Aumailley M, Bruckner-Tuderman L, Carter WG, Deutzmann R, Edgar D, Ekblom
P, et al. A simplified laminin nomenclature. Matrix Biol. 2005;24:326–32.

71. Li L, Xiong WC, Mei L. Neuromuscular junction formation, aging, and
disorders. Annu Rev Physiol. 2018;80:159–88.

72. Tamaki T, Tono K, Uchiyama Y, Okada Y, Masuda M, Soeda S, et al. Origin
and hierarchy of basal lamina-forming and -non-forming myogenic cells in
mouse skeletal muscle in relation to adhesive capacity and Pax7 expression
in vitro. Cell Tissue Res. 2011;344:147–68.

73. Kummer TT, Misgeld T, Lichtman JW, Sanes JR. Nerve-independent
formation of a topologically complex postsynaptic apparatus. J Cell Biol.
2004;164:1077–87.

74. Nishimune H, Sanes JR, Carlson SS. A synaptic laminin-calcium channel
interaction organizes active zones in motor nerve terminals. Nature. 2004;
432:580–7.

75. Wu H, Xiong WC, Mei L. To build a synapse: signaling pathways in
neuromuscular junction assembly. Development. 2010;137:1017–33.

Florkowska et al. Stem Cell Research & Therapy          (2020) 11:238 Page 17 of 18



76. Shi L, Fu AK, Ip NY. Molecular mechanisms underlying maturation and
maintenance of the vertebrate neuromuscular junction. Trends Neurosci.
2012;35:441–53.

77. Chand KK, Lee KM, Lavidis NA, Noakes PG. Loss of laminin-alpha4 results in
pre- and postsynaptic modifications at the neuromuscular junction. FASEB J.
2017;31:1323–36.

78. Patton BL, Cunningham JM, Thyboll J, Kortesmaa J, Westerblad H, Edstrom
L, et al. Properly formed but improperly localized synaptic specializations in
the absence of laminin alpha4. Nat Neurosci. 2001;4:597–604.

79. Miner JH, Cunningham J, Sanes JR. Roles for laminin in embryogenesis:
exencephaly, syndactyly, and placentopathy in mice lacking the laminin
alpha5 chain. J Cell Biol. 1998;143:1713–23.

80. Maselli RA, Arredondo J, Vazquez J, Chong JX, University of Washington
Center for Mendelian G, Bamshad MJ, et al. Presynaptic congenital
myasthenic syndrome with a homozygous sequence variant in LAMA5
combines myopia, facial tics, and failure of neuromuscular transmission. Am
J Med Genet A. 2017;173:2240–5.

81. Phillips WD, Vincent A. Pathogenesis of myasthenia gravis: update on
disease types, models, and mechanisms. F1000Res. 2016;27;5:F1000 Faculty
Rev-1513.

82. Liu W, Wei-LaPierre L, Klose A, Dirksen RT, Chakkalakal JV. Inducible
depletion of adult skeletal muscle stem cells impairs the regeneration of
neuromuscular junctions. Elife. 2015;27;4:e09221.

83. Liu W, Klose A, Forman S, Paris ND, Wei-LaPierre L, Cortes-Lopez M, et al.
Loss of adult skeletal muscle stem cells drives age-related neuromuscular
junction degeneration. Elife. 2017;6;6:e26464.

84. Butler J, Cosmos E, Brierley J. Differentiation of muscle fiber types in
aneurogenic brachial muscles of the chick embryo. J Exp Zool. 1982;224:65–80.

85. Harris AJ. Embryonic growth and innervation of rat skeletal muscles. I.
Neural regulation of muscle fibre numbers. Philos Trans R Soc Lond Ser B
Biol Sci. 1981;293:257–77.

86. McLennan IS. Neural dependence and independence of myotube
production in chicken hindlimb muscles. Dev Biol. 1983;98:287–94.

87. Ross JJ, Duxson MJ, Harris AJ. Neural determination of muscle fibre numbers
in embryonic rat lumbrical muscles. Development. 1987;100:395–409.

88. Fredette BJ, Landmesser LT. A reevaluation of the role of innervation in
primary and secondary myogenesis in developing chick muscle. Dev Biol.
1991;143:19–35.

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

Florkowska et al. Stem Cell Research & Therapy          (2020) 11:238 Page 18 of 18


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Preparation of feeder cells
	Generation and in�vitro culture of ESCs
	In vivo differentiation of ESCs—teratoma formation
	Histological analysis
	Immunolocalization
	Analysis of different myofiber types’ representation
	Analysis of neuromuscular junctions
	3D NMJ analysis—tissue clearing (iDISCO) and imaging
	RNA isolation and qPCR
	Western blotting
	Data analysis

	Results
	Myogenic differentiation of Pax7+/+ and Pax7−/− ESCs in teratomas
	Molecular characteristic of skeletal muscles present within teratomas
	Gene expression profiling in Pax7+/+ and Pax7−/− ESC teratomas
	Satellite cells and their niche in Pax7+/+ and Pax7−/− skeletal muscle in teratomas
	Neuromuscular junctions in skeletal muscles of Pax7+/+ and Pax7−/− ESC teratomas


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

